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PROBLEM STATUS

This is the fifteenth progress report covering
the work of the participants in the Hypervelocity Kill
Mechanisms Program. Worl on this problem is con-
tinuing.

Authorization
NRL Problem No. F04-11
ARPA Order No. 149«60 - Amendments 1 thru 7
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SUMMARY
W. W. Atkins - M. A. Persechino
U. S. Naval Research Lagboratory
INTRODUCTION

Progress Report No. 15 is a semiannual technical
progress report”cOVerin% the work of the participants
in the Hypervelocity Kill Mechanisms Program for the
period beginning 30 September 1963.to 31 March 1964.
Papores covering the werk compléted during and prior
to this reporting peried are listed in Section Y.

The work of this program has involved comprehensive
studies designed to evaluate the feasibility of defeating
the mission of an intercontinental ballistic missile by
fragment impact and/or by subsequent re-entry heating
effects. These effects include: direct kill by impact,
extent of aggravation or inc¢rease in damage caused by
aerothermal effects on an R/V during re-entry, aerocdynamic
instability of nose cones caused by damage to the heat
shicld and structure, impact and thermal damage to internal
components and warheads, and perturbations on the perform-
ance of ICBM booster vehicles. The HKM Program is divided
into the following four phases of work:

1. Impact Damgge. Initially BRL, NRL, AVCO and the
Canadian Armsment ﬁgsearch aad Development Establishment

were selected to study the effects of hypervelocity impacts
on re-entry body materials and structures. Aerojet-

General was selected to study the impact effects on pro-
pulsion systems. The work of Aeroiet has been completed and
the final report has been distributed. The impact work per-
formed by AVCO hiss also been completed and a final report
was included in Progress Report No. 13. The work completed
by CARDE was reported in Progress Report No. 11l. BRL is
preparing a final report for their work on impacts into
ablative structures. Only NRL is presently engaged in im-
pact work for the HKM Program. '

2. Aerothermgl. In the early stages of the program,
AVCO performed a multitude of experiments on cratered heat

shield materials using rocket axnsuat and plasma jet £acilitics
in order to determiné the thermod ic effects on a damaged
vehicle during re-entry. In the later stages of the program,
punctured vehicles (vented and unvented) were analyzed. GE

-and AVCO performed analytical and experimental studies on

1 SECRET
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SUMMARY

W. W. Atkins - M. A. Persechino
U, S, Naval Research Laboratory

INTRODUCTION

Progress Report No. i5 is a semiannual technical
progress report coVerin§ the work of the participants
in the Hypervelocity Kill Mechanisms Program for the
period beginning 30 September 1963.to 31 March 1964.
Raporre covering the work comnleéted during and prior
to this reporting pericd are listed in Section Y.

The work of this program has involved comprehensive
studies designed to evaluate the feasibility of defeating
the mission of an intercontineutal ballistic missile by
fragment impact and/or by subsequent re-entry heating
effects. These effects include: direct kill by impact,
extent of aggravation or increase in damage caused by
aerothermal effects on an R/V during re-entry, aerodynamic
instability of nose cones caused bK damage to the heat
shicld and structure, impact and thermal damage to internail
components and warheads, and perturbations on the perform-
ance of ICBM booster vehicles. The HKM Program is divided
into the following four phases of work:

1. Impact Damage. Initially BRL, NRL, AVCO and the
Canadian Armament ﬁgsearch end Development Establishment

were selected to study the effects of hypervelocity impacts
on re-entry body materials and structures. Aercjet-
General was selected to study the impact effects on pro-

pulsion systems. The work of Aerojet has been completed and

the final report has been distributed. .The impact work per-
formed by AVCO has also been completed and a final report
was included in Progress Report No. 13. The work completed
by CARDE was reported in Progress Report No. 11. BRL is
preparing a final report for their work on impacts into
ablative structures. Only NRL is presently engaged in im-
pact work for the HKM Program.

2, Aerothermgl. In the early stages of the program,
AVCO performed a multitude of experiments on cratered heat
shield materials using rocket exnaust and plasma jet fgcilities
in order to determiné the thermod{:amic effects on a damaged
vehicle during re-¢ntry. In the later stages of the program,
punctured vehicles (vented and unvented) were analyzed. GE

-and AVCO performed analytical and exverimental studies on

1 SECRET
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coupled and uncoupled flows, jet impingement, jet diffusion,
and the determination of orifice coefficients for perforated
re-entry vehicles. GE conducted an analytical study to deter-
mine the aerodynamic effects on a damaged vehicle during re-
entry (the aeroballistic ranges and the wind tunnels of NOL
and AEDC were utilized to provide experimental datz). An
effective kill mechanism did not evolve from these studies.
During the latter part of the second year's effort ARAP was
added to the participants in the aerothermal work and, at

this time, a stronf fundamental research effort on internal
heating was established to determine a rationale for coupled
and uncoupled flows, impinging jets, and wall jets. A flight
test program employing a NASA propulsion and recovery system
has been completed and the details of this program are described
in Item 21 in the list of reports. These tests provided both
external and internal heating data under actual and simulated
environmental conditions.

3. hicl Vulner%bilitf. The vulnerability work ‘
initially conducted to determine the vulnerability of re-entry
body, warhead, and associated arming and fuzing components
by BRL and Picatinny Arsendl hgve been terminated. A final
report on the vulnerability of nuclear warheads to aerc-

thermzl effects has been prepared by Picatinny Arsenal and -
distributed (See Item 22, Section Y¥.

Aerojet-General, under the technical management of
the Weapons Laboratories, Detachment 4, ASD, Eglin AFB has
completed the investigations to determine the vulnerability
to fragment impact of both liquid and solid rocket propulsion
systems. An analysis of the vulnerability of both the United
States and other vehicles is included in the Aerojet £final
report (See Items 24, 25 and 26).

4.,,Ingelli§§nce. The intelligence phase of the work was
designed to provide information and guide lines for the work
performed in the other phases of the HKM Program. A report
entitled "Soviet ICEM Re-Entry Body Study'has /been prepared
by Raytheon. This report provides a description of the

Soviet ICBEM bgsed on early Soviet missile tests in the Pacific
(See Item 1). Additional intelligence data are described in
Section T of previous HKM Progress Reports.

PROGRESS
The work described below is a summary of the technical

progress in the remainingbphases of the HKM program for the
period ending 31 March 1964.

SECRET
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1. Impact Damage Phase

The investigation by the Ballistic Research
Laboratories of impact damage to composite targets utilizing
aluminum jet pellets fired from an inhibited jet charge is
under completion and a final report describing this work is
expected by the end cf the next reporting period. No report
for this reporting period has been received and consequently
is omitted from the text of this report.

The impact work conducted by NRL is reported in
Section B and includes studies of: the effect of projectile
deneity and angle =f imnmact on abletive hole size, the
minimum energy required for the perforaticn of flat-plate
and conical structures, and impact damage to foam-filled en-
closures (See Section B9). The projectiles used in these
studies were aylon, aluminum, steel and uranium spheres.

Damage effectiveness of dense projectiles fired at
low impact angles (10°) appear to be much superior to the
lighter projectiles, as indicated by the penetration results
obtained with uranium projectiles. The maximum penetration
capability of residual spall material was determined by
mezsuring the maximum depth of penetration into aluminum
witness plates and was. plotted as a function of velocity.
These results indicate that, for aluminum and steel spheres,
the maximum depth of the spall particle penetrations decrease
;;/the velocity increases, for velocities greater then 5

sec. . -

Of the metallic projectiles, the more dense pro-
jectiles produced the deepest spall penetrations and the
smallest hole sizes in the ablatives.

Hypervelocity impacts into ablative targets backed
by enclosures filled with polyurethane foam gave a measure
of the effectiveness of these materials for preventing
residual or spall damage. The ef_.ctiveness for preventing
spall damage.increased as the foam density was increased.

Comparison with normal angle impacts of the hole
sizes in the gblatives made with firings at impact angles
between 45° and 70° indicate very strongly that larger per-
foration dismeters are obtained with the angle shots.

More data are to be obtained for thin ablative com-
posite targets with ablative thickness to projectile dia-
meter ratios (t/d values) between 0.5 and 1.0. These data
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will be compared with existing hole-size correlations for

t/d values between 1 and 4. An experimental-theoretical
study is planned for determining a physical basis for scalinf
projectile and target parameters and for estimating the spal
energy resulting from hypervelocity impgct into composite
structures.

2. Aerothermal Phase

In the early phases of the HKM Program, a series of
wind tunnel tests were performed in the Naval Ordnance
Laboretory Hypersonic Wind Tunnel No. 4 to investigate aero-
dynaniic stability on g dansjed re-entry vehicle. Static
.tability coefficients of pitch, yaw, and roll were obtained
at a Mach number of ten on .04783 scale models of a Mark
3 R/V. The impact damage on the models were simulated by
removing portions of the nose and flare sections of the model,
causing configurational assymetry. Performance data obtained
with these models are included in the section of the body of
this report designated as NOLTR 61-84. These results were
used to supplement the previously reported analytical program
conducted bg the Genersal Electric Company to determine the
effect on the R/V trajectory of small hypervelocity fragment
impact.

During this reporting period, Aeronautica. Research
Associates of Princeton and GE have continued internal heating
and structural studies needed to develop the technology for
assessing the potential of thenaal kill of a perforated re-
entry body. Because of contract renewal difficulties the
work by AVCO was temporarily delaz:d and no report was avail-
able for this period. Previous phases of the AVCO studies
have dealt with the flow and heat transfer of an expanding
jet on the walls of an enclosure. In the next reporting
period the concentration/will be on the details of the jet
mixing process. This investigation will extend the theo-
retical and experimental investigations of turbulent com-
pressible jets which had been previously conducted within a
limited range of Mach numbers and initial jet stagnation
temperature to ambient temperature ratios. The AVCO investi- -
gation will include higher temperature ratios. With these
results the gbility of this analysis to predict jet mixing
processes in the high temperature region will be determined.
An important consequence of the test results of the ARAP and
GE work conducted during this period was the increased effort
directed toward understanding the mechanisms of coupled flow
phenomena. It has been shown experimentally and analytically

4 SECRET
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that the heat flux entering the interior of a punctured vehicle
under coupled conditions (A/V 3/% Q.05) cgn be many times greater
than that for uncoupled conditions (A/V /¢¢<o.01¥ where A is
the area of the hole and V is the internal volume of the per-
forated vehicle. A flow mechanism, which can be shown to ac-
count for heat fluxes of the magnitudes observed in the ex-
perimentgl test facilities has been developed and verified
experimentally by megns of heat flux mapping and flow visuali--
zation techniques. Details of this mechanism which involves a
combination of free shear layer and jet impingement effects are
discussed in Section L. '

1. Section H, tests conducted in AEDC Tunnel C at Macii 10
and in the Malta Rocket Exhaust Facility at Mach 3 are reported.
The internal heating from these two series of tests conducted
in widely different environments correlated well with turbulent
shear layer theory. '

During the past six months the problem of possible counter-
measure against thermal kill was investigated and is also re-
ported in Section H. Lightweight urethane foam was used to
fill the internal volume of the model R/V, and the "effective
heat of ablation" was used to determine the performance of the
foain, Additional studies are planned in order to develop a
better understanding of the heat protectipn characteristics of
1i§htweight foams in vehicles perforated b{ damage from hyper-
velocity impact. Various types of foam-filled models will be
tested in the GE-RSD 5-megawatt Air Arc and the Malta Rocket
Exhaust Facilities.

A correlation of AEDC and Malta Internal Heating Data for
single perforations and no venting was applied to the C-1
target vehicle (a slender shaped-cone vehicle with a ballistic
coefficient of 3000 1b/ft). Generaiized results were obtained
for the value of A/V #/% required to cause thermal kill of
representative types of vehicle structures having the above
geometry and a re-entry velocity of 25,000 ft/sec.

Use of the correlation of hole-size and fragment mass
from impact data reported by NRL demonstrated the extreme
sensitivity of lethal fragment mass to the size of the vehicle
under attack (see pages H-37 thru H39)

Comparisons of characteristics of the flow through
wmachined orifices and those produced by hypervelocity 1mpact
into ablative structures were made in a test program performed

n
(4]
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2
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in AEDC Tunnel D. The mass flow rates were predictable by

a viscous modification to inviscide expansion theory.
Pressure surveys of the supersonic internal jets formed from
tangentigl approach flow revealed the two-dimensional decay
characteristic of the jets. The existence of two general
types of internal jets; depending on the orifice pressure
ratio, were disclosed by o0il £film photographs. See pages
H-40 to H-58 for orifice flow.tests and results. '

The mresent investigation on, structural type damage
by GE 1is primarily concerned with the effects of openings
caused by impact or local melting subsequent to impact. The
effects ci large openings ou the load capability of cylinders
subjected to axial and bending loads ure being studies in
support of an analytical technique foi predicting these
effects. Computational techniques will be applied to hardened
and unhardened ICBM re-entry vehicle designs, and formu-

lation of thermal analysis techniques and structural failure
criteria will begin.

6 ) SECREY
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SIMMARY

Duringothia period the effect of projectile density on
ablative hole size and minimum perforation requirements was.
examined. The projectiles were uranium (with 8.5 7% Mo.),
steel, aluminum and nylon. The projectile masses ranged from
1 to io-sn. The angle of impact was varied from 90° to 10°.
All projectiles were saboied and the velocities varied from
2,5 to 7.8 km/sec with the major portiocn of data in the 6 to
7 km/sec range. The ablative targets were c site made
from 1/2-inch and 1-inch thick astrolite and phenolic nylon
fiat plates, nose cone models, and flat-plate ablative
struciures in direct contact with polyurethane fo&m.

Experiments were designed to determine the effect of
projectile demnsity bz impacting similar targets with
different density spheres of the same mass &#nd velocity. The
depths of the rear spall penetration into aluminum witness
blocks behind the targets showed that the sgall penetration
is greater for the impacts associated with higher density
progectilcs. The results also show.the greater penstration
and perforation capability of dense projectiles, such as
uranjum, particularly when impacting at low angles e.g. 10°.

Bi
SECRET
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NTRODUCTION

The object of this work 1s to determine the impact results
on ablative materials and re-entry vehicle structures from
hypervelocity impact with compact projectiles of various ~ -
densities. Analytical meens are used to explain the experimental
results and to correlate significant parameters so that accurate
and reliable impact predictions can be made.  Empirical relation-
ships have been established for penetration, minimum perforation
and complete perforation of various composite materials used in
missile structures. The majority of the impact experiments. are
accomplished using targets which closely approximate the outer
structurs of actual vehicles., A limited number of impacts are
made into osctual vehicle sections, : : -

PROGRESS

Composite targets with ablative thicknesses of. 0.5 to
1 inch were impacted with uranium, steel, aluminum and nylon
spheres with messas of 1 to 10 gramsand velocities ranging from
2.5 to 7.8 km/sec with the major portion of firings in the 6
to 7 km/sec range. The target materisls were astrolite and
phenolic nylon bonded to steel, aluminux and magnesium in, com-
fi%:rations'of flat plates, nogse cone models, and flat-plate
ablative structures in direct contact with foam blocké. The
zayotcdgsgojectilel impacted the targets at angles ranging from
to .

The experiments were designed to determine the effect of
projectile density on ablative hole size #nd minfnum perforation.
Similar targets wers impacted with (wo-gremfuranium, steel,
aluminum and nylon spheres at twe different velocities of about
5.2 and 7 km/sec. Minimum perforation was examined down to a
10° angle of obliquity u;ing both uranium and steel spheres.
Nose cone model impact results were compared to flat plate
target results for eimilaxr impact ronditions. Polvurethane
foam with densities of 3.1 and 7 1b/£ft5 was examined for de-
termining its effectiveness in stopping the rear spall resulting
from aluminum sphere impacts.

The effective hole diameters in the ablative materials were
calculated from areas wmeasured with a polar plinimeter. The
deta for all the firings ate summarized in Table A and photo-
graphs of the targets are shown in Appendix A, The bond

etween the ablative and metal back-up was approximately 1/16-
inch of rubber umless otherwise noted. The abletive thicknesses

o vyer
PSR,
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are accurate to + 1/32-inch. The uranium projectiles were
made from 91,5% of depleted uranium and 8.5% of molybdenum for
mechanigal strength, giving an cverall density of 17.4 gm/cc.

EFFECT OF PROJECTILE SIZE AND DENSITY

In order to detcrmine the effects of projectile density and
size gn the ablative perforation diameter D, and rear spall
enargy, four different demsity and size proYectiles of the same
mass, were impacted normally (90°) into the same type of target
at velocities of 5 and 7 km/sec. The targets consisted of
0.5~inch léminated phenolic-refrasil bonded to 0.125-inch
@iwiinr. (2024-13) with ~ 0,062-inch rubber bond and epoxy
adhesive. The two-gram s[{herical projectiles consisted of uranium
(with 8.5% Mo.), steel, aluminur and nylon and impacted the targets
with trajectories normal (90°) to the ablative surface at energy
E equel to approximately 25 dnd 50 kj. The uranium projectile
was fired only at the lower velocity, ~ 5 km/sec. The ratios of
the ablative thickness t to projectile diameter d were 2.16,

1.6, 1.24, 0.34 for the uranium, steel, aluminum and nylon
sphexcs ruscctively. The rear spall was captured by &n

8" x 8" x 4" 1100F aluminum witness block with the face of the
block aligned parallel to the rear of the aluminum back-up &nd
spaced four inches away. Pertinent information is summarized
below in Table I and & more complete description is given:dn
Table A and the photographs oﬁppendix A,

TABLE I
Impact cgiragtgriscicg in Ablative Structures
Projectile Velocity ~ 5 sec '

o e TR 8 O

A g e o WA AT e Tl

- 2 g ey

D TIIOT Y T L. T O AT A e e -

Round No. Projectile t/d D, Dy/d E P Velocity
Material fm) D) (¥ _Gm/sec)
i‘_ 4-940 Uranium 2,16 4.6 7.8L 24.75 1,28 5.13
. 4-939 Stesl 1.60 4.9 6.13 27.10 0.96 5.20
V 4=-947 Aluminum 1.14 5.3 4.77 23.90 0.62 4.90
] 4-959 Nylon 0.84 5.1 3.38 25.90 0.29 5.00
i, Projectils Velocity a 7 ku/sec
1 1-1-98 Steel 1.66 5.10 6.40 56.80 0.90 7.5
] 1-1-99 Aluainum 1.14 6.00 5.41 58.40 0.37 7.7
4-960 Nylon 0.84 6.25 4.146 46.34 0,61 5.7
4-956 Nylon 0.84 6.60 4.37 42.68 0.49 6.5
4~957 Nylon 0.84 6.10 4.04 40.36 0.43 6.3

% P(cm) depth of penetration of the vesidual fragments striking
the witress plate.

o B3
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A plot of ablative hole size D, vs impact velocity V is '
shown in Figure 1. For similar préjectiles the resnults in all ™
cases showamincrease in hole size with higher velocity. In all
cases the largest projectiles (lowest density ahd t/d values)
produced a larger perforationr with only one exception, the
nylon sphere falls between the steel and aluminum at 5 km/sec.
The slope of the curve for D, vs V decreases as the projectile
density increases., It shoulﬁ be noted that the strength
characteristics of these projecitiles increase as the density
increases. A possible explanation of this decrease in slope

is that the wesker material (nylon) may be breaking up eariier
during perforation than the stronger material (e.g. steel) for
the samc imnact velocity. As a result of disintegraiing sooner,
the projectile particles spread laterally at an earlier time
and increase the perforation size at a faster rate than the
stronger material, A plot of ablative perforation..diameter .
D, / projectile diameter d vs impact velocity in Figure 2 shows
tilat the D,/d values increase as the density increases.

To determine the relative penetration capability of the
rear spall produced by these impacts, the maximum penetration
of the spall into an 1l100F sluminum block wa: measured énd is
plotted in Figure 3 as P vs imgact velocity. At the lower
velocity {u 5 km/sec) the depth of maximum penetration increases
as the projectile density increases. The spall penetration
decreases at the higher velocity for the steel and aluminum
projectiles and increases for the nylon sphere impacts .

The spall penetration for the aluminum spheres decreases

at a faster rato than for thesteel. The situation for nylon is
geculiar in that the spall penetration actually increases at the
igher velocity. Exsmination of the photographs for these
firings in Appendix A also shows that the amount of spall im-
pacting the aluminum block increases with the higher velocity
nylon projectile. This is also true for the aluminum projectile
impacts. For the steel projectile, the spall pattern seems to ‘
be more concentrated at the lower velocity. The spall patiern
associsted with the uranium Erojectile impact is more comn-
centrated than any of the other three projectiles.

An estimate of the size of the hole in the aluminum back-up.
can be made by averaging the major and minor measured dismeters.
This estimated average diameter ies 12.2 cm, 10.3 cm, 9.5 cm,
arnd 7.6 cm respectively for the nylom, aluminum, steel and
uranium projectile impacts at 5 km/sec.
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MINTMUM PERFORATION FOR LOW ANGLE IMPACTS

A geries of oblique impacts were made into phenolic re-
frasil bonded tc steel and aluminum back-ups using steel and
uranium (with 8-1/2% Mo.) spheres. The purpose was to
determine the accuracy of the required minimum perforation
energy as determined from the data reported in Reference 1 and
to examine the effect of projectile density. The data reported
in Reference 1were obtained for steel projectiles impacting
into phenolic refrasil bonded to aluminum and steel back-ups.
Two aluminum projectile impacts into phenolic nylon bonded to
steel back-ups are also included in the discussion.

One of the phenolic nyion targets was a model nose cone
(Rounid Mo. 4-935) and the other a flat plete specimen simulating
the model was placed directly in contact with a block of foam
(6-944), (see photographs in Appendix A). The pertinent con-
ditions and results are listed in TableIl. A more complete
description of the data can be found in Table A.

TABLE I

Round No. Target T, Proj. Proj. Impact Impact En E* Cond.
Material Magd. Matl. Angle Vel. mn  of: T

. cm (km/sec) (ki) (Ref.1)_ get

1-1-107 Ast/Al 1,75 5.096 Uranium 10° 5.24 2,11 -- Perf.
i-1-110 Ast/Al 1.75 4.992 Steel 10° 5.97 2.68 1.48 N.P,
1-1-106 Ast/St. 1.75 1.045 Steel 25° 7.40 5.10 4.30 M.P,
1-1-94 Ast/St. 3.81 4.991 Steel 40° 7.03 51,00 56.00 N.P.
4-952 Ast/St. 1.91 1.046 Steel 30° 3.12 1.28 5.70 N.P.
4-944 . PhiNy/S8t. . 1.75 2.650 Aluminum 45° 4.59 13.93 -- N.P,
4-935 Ph.Ny/St. 1.75 2.800 Aluminum  45° 3.78 10.10 -- N.P.

N.P. Not Perforated
M.P., Minimum Perforation Gondition

* E is defined as the energy required, based on the noraal com-
cﬂﬁadnent of velocity, to just crack the metal back-up.

The superior pemetration capability of dense grojectiles,
particularly at small impact angles, is clearly shown by the
results obtained with the steel and uranium projectile impacts

at angles of 10°. The targets for these two impacts were the
same type and the projectile masses were approximateli equal,
Altho the impact velocity for tne uranium projectile was lower
than the steel projectile, the target (Round No. 1-1-107) was
completely perforated while the target for Round Number 1-1-110

B5
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impacted by the steel projectile was not perforated (the rubber
bond material in this target was nearly intact). The impact
energy (using the normal component of velocity to the target
surface) necessary to just crack the back-up is ~ 1.48 kilo-
joules based on the steel projectile impact data reported in
Reference 1. This amount was exceeded in both cases, 2,68 kilo~-
Joules for the steel and 2.1) kilojoules for the uranium projectile
impact. There are two other aspects of these impacts which can
be seen by an examination of the photographs in Appendix A. In
the case of the uranium projectile (Round No. 1-1-107) impact,

no residual fragments came through the perforation to hit the
witness ;-ate spaced 10 inchus from and parallel to the rear

of the target. However, the witness plates that were 90° to the
target surface and positioned to capture the front spall were ;
penetrated 0.38 cm by fragments from the uranium while the frag-
ments from the steel projectile perforated a total thickness of
2,54 cm., It appears that a greater amount of projectide particles
traveling at higher velocities ricochet off the target surface
with the steel or the lighter projectiles at this impact angle.
The type of petal formation in the back-up resulting from the
uranium striking the target has several interesting characteristics.
The petals that were formed at 90° to the trajectory (iop and
bottom petals in the ghotograph shown in Appendix Ag were broken
off and recovered. The getals formed parallel to the trajectory
and nearest the gun muzzle were bent straight-up, whereas the
petals furthest from the gun muzzle were bent over in the

. direction of the projectile flight.

In Round Number 1-1-106 the back-up was cracked open and
represents a condition very close to minimum perforation. The
impact energy based on the 25° component of impdct velocity was
5.10 kilojoules which is mmewhat greater than 4.3 kilojoules,
the amount needed for mirimum perforation based on the previous
data of Reference 1.

The back-ups for the 30° and 40° impacts were not perforated
by the steel grogectile impacts. The 30° result (4-952) is in
agreement with the estimated energy needed, since the impact
energy is much less than the minimum perforation value. The
impact energy from the 40° impact (1-1-94) is about 97 less than
the estimated amount required for minimum perforation and again
perforation did nct occur,

B6
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The two impacts listed at the bottom of Table II were obtaine:
using aluminum projectiles and are included to show the effects
of lower density projectiles. As previously mentioned, one of
these targets was a model nose cone (4-935) and the other was
placed directly in contact with a block of foam (4-944), Although
the impact energy at 45° was much higher than the estimated amount
needed for minimum perforation by steel projectiles, neither
target was perforated, The ablative was perforated and the back-
ups were bulged.

Rased on these results, it appears that the determination of
the minimum perforation requirement, particularly for dense pro-
jecciles at low angles, 1% not established.

It is also necessary that addjtional data be acquired to
determine the minimum perforation energy for different density
projectile materials, An analyticel approach incorporating both
projectile energy and density and using values of prassure
measured on the rear of the target will be of considerable value
in establishing the minimum perforation requirement.

ALIMINUM PROJECTILE IMPACTS

A nunber of different target configurations were impscted
with aluminum spheres over a wide range of velocities with im-
pact angles ranging from 90° to 45°. Different correlations
were examined in order to have a common basis for comparing
hole sizes in the ablative materials. In Figure 4, a correlation
for steel impacts into ablative structures is used, that has
previously been reported in Reference 1. As can be seen in this
Figure, the hole sizes for the 90° t:gacts are very close to the
E/T correlation, except for Round Number 1-1-82. und Number
1-1-82 did not have a rubbery tzge bond between the ablative
and steel back-up and this may have been the cause of the larger
perforation. In this plot the hole gizes for the non-normal
impacts, with the exception of Round Number 4-948, .are grouped
above the 90° impacts. It was found that the difference between
the 90° and less than 90° perforatiomns could be reduced by
dividing the major diameter of the projection on the front
target surface dp into the ablative perforation diameter Dy.
This is designated as DaA, and is plotted in Figure 5 for
the same data shown in Figure 4. Although non-dimensional hole
8izes do not ~-mpletely remove the effaects from cblique
impacts. there 18 a considerable reduction in scatter, Larger
perfoiution diameters with chblique impacts did not show up
as strongly in earlier firings with steel projectiles pri-
marily because higher t/d values were used. In these data t/d
values are approximately 1,

B7
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Three model nose cones (similar to those used in the
Malta rocket exhaust experiments in the Aerothermal Phase of
the HKM Program) were imgacted to produce & perforctiocn in
one side of the cone. The rocket exhaust results : %ained
with impacted models were compared with results obiuined by
machining & hole of the same size in & similar model and
subjecting it to the same heat flux environment., Before im-
pacting the models, the approximate impact conditions for
producing the required hole size were established by im-
pacting flat plates made of the same materials and thickness
as the n.se cone model. The two platee simulating the two
sides of the cone were oriented at the same angle to each-other,
as the nose cone angle, with the steel back-ups of the plates
facing each other at the same distance apart., ‘Aluminum pro-
jectiles were selected to minimize residual damage to the
opgosite wall ( it was necessary to produce a perforation in
only one side of the cone and have . very little or no damage-
to the other side of the cone). An abbreviated tabulation of
the results is listed in Table III. More complete data are
given in Table A and the photographs in Appendix A,

TABLE II1I
Model Nose Cones

Round No. Impact Proj. Complete Ablative Target Impact

Angle Mass Perf. Perf. D, Velocity
- —{gm) (cm) —kn/sec)
4-937 70° 2.83 yes 7.70 1/2"Ph.Ny. 3.77
+ 1/8"st.
4-938 70° 2.83 yes ~ 8.25 " 3.9%
4-935 45° 2,83 no §.30 " 3.78

Simulated Model Nose Cone

4-930 90° 3,01 ves 7.2 1/2"Ph.Ny.  5.62
+1/8"st.
4-931 45° 3.0l yes 11.2 ' 5.13
4-934 45°  2.83 ves 8.4 " 4.50
B8
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In figure 5, the correlaition of Dp/d vs E/T, the comparison
between the two configurations is shown. The hole sizes in the
nose cone models were slightly larger than those in the flat
plates primerily because of the small radius of curvature in
the nose cone models. In the nose cone model impacts, the
ablative cone always broke loose from the steel liner. This
particular effect of the shock and vibration due to impact can-
not be simulated by a flat plate specimen.

Penetration of Foam Material by Rear Spall Fragments

Impacts were made with aluminum spheres at 45° and 60°
into flat plate ablative targets which were held in tight
coutait with a foam bLiccl, The tergets werc the same type as
those used in the simulated nose cone model impacts and the
projectile velocities were slightly higher than the previous
impacts. The foam block was a l-foot cube and was held in an
aluminum box with 0.125-inch walls. Two different density
polyurethane foams were used to show the effect of foam density
on rear spall penetration. One shot was fired without foam
in the foam box (see photos for Round No, 4-948), and two
additional witness plates were placed at the rear of the empty
box. In Round Number 4-955 a steel sphere of similar mass was
used to compare the effects of projectilt density on rear spall
penecration, but was at a lower velocity then the aluminum pro-
jectiles. The effect of projectile impact angle is shown by
the results of Round Numbers 4-944 and 4-945. Table IV is a
brief summery of the results, further details can be found in
the Table and Appendix at the end of the report.

The ablative hole size in 4-948 where no foam was used
behind the target is smaller than those where foam was used.
These sblative hole sizes are compared with other aluminum
projectile data in Figure 4.

mparison ¢f an Aluminum Sphere with an Aluminun Jet
ellet act .

The results obtained in Round Number 1-1-108 by impacting
an aluminum sphere into a fiberglas laminate target is com-
pared to the results reported in Reference 2 for an aluminum
jet pellet impact into a-similar target. This l-inch thick
glass-cloth material bonded with permstex to a& 1/4~inch 4130
steel back-up plate.was obteined from Firestone (Wo. 20-16-
09-01). The same type of target was impacted with au aluminum
jet pellet by Firestone in shot number 600-72. The mass of the
two projectiles was agproximately the same (3.2 and 3.4 gm)
but the velocity of the aluminum jet was about 1.4 km/sec higher

B.9
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Round Number 4= 9447
Proj. Matl. Al
Mass (g) 2,65
Proj.vVel (km/sec) 4.59
Impact Angle 45°
Foam Degsity

(1b/ £t 7.00
Max.Pene. of (1)
Foam (cim) 4
Crater iiou:h of

Foam (cm) 13.5x11.5
No. Perf. in

Foam 0
No. Perf. in

Box (Rear) 0
No. Perf. in

Box (Side) o

Wall Thickness
of 618 Al Box 1/8-inch

Condition of Not dis-
Box torted
Abl.Perf. Dia.
(cm) 9.50

*  BeU not perforated

(1) Caused by bulge in B-U

(2) Rear of box bulged and welded seams partially broken

+

@

Romd NO. 4"948 - NO.
No.
No.
No.
No.
No.

Total mass
Total mase
Total mass
Total mass

Round No. 4~946.-.

Total mass
No. fragments >1/

B10

pexrforations of lst witness plate
perforations of 2nd witness plate
steel fragments inside box
aluminum fragments inside box
steel fra
aluminum

nts outside box
ragments outside box
steel fragments inside box
Al fra ts inside Lox
steel fragments cuside box
Al tragments outside box

of fragments thru the foam
g thru the foam

TABLE IV
4945  4=946°  4-948T  4-955
Al Al Al . Steel
2.65 2,65 2.65 2,71
5.42 5.68 5.84 3.80
60° 60° 60° 60°
7.00 3.10 None 3.10
Perf. Perf. N.A, Perf,
~Same as
9.30 Abl.Perf. N.A. 11.50
3 14 N.A, 2
0 1 17 0
0 1 2 0
1/8-inch 1/8~inch 1/8-inch 1/8-inch
Not dis- Not dis-
(2) (2) torted torted
10.00 10.50 7.20 4.30

14

10
20

1.9g
0.2g
1.0g
1.5g

4g
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than the sphere. The 9.2 km/sec ;et pellet produced a hole

of 3-1/4 x 3 inches (7.94 cm. av.) and the 7.8 km/sec sphere
wmade a hole of 6.9 cm diameter in the glass cloth. Comparing
the glass cloth hole size results on an E/T basis shows good
asgreement., Both hole sizes are only slightly lower than deter-
mined by the E/T expression of Reference 1, which gives hole
diameters of 8.35 cm and 7.5 e¢m for the aluminum jet and the
aluminum sphere respectively. The hole size in the steel back-
uﬁewith the jet was 3.2 x 3.8 cm as compared to 7.8 x 4.4 for
the spherica Rrojectile indicating that a much stronger

shock passes through the material for the spherical case.

Uranium Sphere Impacts

Two and five~-gram uranium spheres were used to determine
the effects of high density projectiles on the impact results
into ahlative composite targets. The velocity varied between
5 and 5.5 km/sec. All impact angles were 90° except for the
10° impact (Round No. 1-1-107) previously discussed. Three
impacts were made into the sasme thickness target with three
different back-up materials. For approximately the same energy,
a perforation of 10.9 cm diameter was made in the ablative
material with the steel back-up as compared to 4.9 and 5.0
cm for the aluminum and Mg back-ups respectively. It appears
thai the steel back-up produces a higher intensity shock re-
flection then with the less dense back-up material. More data
are re%gired in order to determine whether this is a signifi-
cant effect.

In order to compare the uranium sphere impacts with
previous data for less dense projectiles, the ablative hole
diameters were plotted in Figure 6 along with the E/T ex-
pression obtained in Reference 1 for steel projectiles. Ex-
cept for Round Number 1-~1-103 with the steel back-up, the

- hole sizes for impacts with uranium spheres are smaller than

those produced by the less dense projectiles.
CONCLUSIONS AND FUTURE PLANS
Minimum perforation requirements will be studied in more

. detail for projectile density effect, particularly at low

impact angles. Correlations 111l be established for minimum

perforations using aluminum, steel and uranium projectiles

ggaiést compcrite ablative targets with alqminum and steel
ack-ups.

Impact data will be obtained for thin ablative composite
targets with t/d values between 0.5 and 1.0. These data and
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existing informetion for higher t/d values between 1l and 4
gili be examined and compared with existing hole size corre-
ations.

Experiments will be designed to provide information for
theoretical composite structure impact models in order to
determine the validity and accuracy of these models. Current
techniques will be utilized for studying wave propagation and
interaction with the cratering processes in abletive materials.
This experimental-theoretical study will provide a firm
physical basis for scaling projectile and target parameters
and octimating the apsall energy resulting from impact.
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TABLE A
IMFACT CHARACTERISTICS IN ABLATN 34
TADGET ) PROJFCTILE ABLATIVE
Rormal | Impact Inergy Hole
Road Page No, DL 4 dk
(Appendix Ablative Hack-! Angle Impact Com- & Koergy '
Ro. 8| uaiarial Mas Thicimese | D | 852 | siaseriar | Mase velucity | poment | Uslag Normal (cm) (cra) Dis, | Are | Diam
(in} (gme) / cmd) | (ex
(la) greos {xem/sec) [ of Vol.) Val&c)uy or (cm)
(h-ll/ e, Minor
0 Bl Bx1ax im o;:: i 0 Sohere .C”llb 204 5.181 - 27,088 Cowpiste Perl, 52 5.1 47 a2 4
Ph. Dol Al 20U 0.313Dia. R.C.
1-1-08 B-18 UxHx2 0.128 0 Bphere Mool 2.081 7417 - 56,800 Complele Perf, 5.8 8.3 4 20,07 .
P, Bef. L. AL 50M-T3 0.312Dja. AL, 6 .
4-M0 B-i7 i3x13x W18 0,128 w re Ursalum 1,882 5.130 - 2445 Complete Merf. 4.8 4.8 4.3 wes 4
Pa, Ref, L. AL 2034-T3 0.333D1a. o%a
-7 18 12x13x9/18 0.133 % Sphere Al 2.001 4.8 R 23,478 Complete Perl. 5.9 5.9 5.0 210 83
Ph. Nef, L. AL 30M-T3 0.47DIa.  B1)-Té
1-1-99 B-18 HxUx V2 2.138 00 Sphers AL . 1881 707 - 58.392  Complite Perl, 6.8 6.4 5.1 T BT ¥
b, Red. Al $0M-T3 0.437Dls.  IY-T
%" B-2 MxiaxT/as 088 [ o Jphare Nyloa 2,041 5,041 - 25.933  Complate Perf, 63 535 43 2083 5.
Ph, B, ke AL 20M-T3 .03 s,
-84 B-21 Nz12x 13 0.13% 0 Bphere  Nylow 204 678 - 47,001  Complets Pertf, 11 11 5.9 308 45
A et L. Mosl 4130 10,589 Dis.
4-980 |- X1} 16320 x 1/3 0.338 W ok Nylon 2030 6743 - 46341  Comphsr Parl. 69 6.8 6.1 EER T R Y
¥n et L. AL 302473 0.864T1 . . )
4-Ma B-3 .. x W18 0.12% W imre Mo 2,083 8,430 - 4586 Complets Pexl. T3 1.0 X | TR U]
ot L AL 20M-T3 0,553,
-7 M MWxiox 1/2 0.128 [ re  Nyloa 2033 4301 - 40388 Complets Perl. 8.4 &4 5.0 B UN B
5 AL 2034-T3 0.583Dia.
11108 B-%8 HxMxl 0.3 0 Bokere Al, EXTT IR 1) . 101.046  Compiete Porf. 83 8.2 - FLX I X
Glass Cloth L. Sleed 4130 0.830Dia.  20U-T3
CRA-§ B-M Wrdexl- i 0.9 % Al 387 48K 3.8 I Complete Perf, 370 330 330 0T M
2.46 Dis. 20U-T? 1041802
1-1-18 B-17 [} re Al 10,19 5.30 - 141,063 Complets Perf. 14,5 134 e 1we 1Y
0.6 Dia. 017-T¢
1108 B-38 ®  Bhere Ax,ﬂ 10,08 6.1 - 190,330  Complets Yorl. 105  #.9 7.8 “% 9
0.14Dia. 2017~
=97 B39 » Mol .8 4018 0.008 0.668 3 [ X I X - X TR W1
0.33Dia. RC. 6 3434
1-1-08 B-% w ool 40 1.004) - 123,408  Complete Perf, 10.3 10,0 [ %] 6890 B3
0.43iDis. R.C, 06 3.m
1-1-8¢ B-31 w Stonl e 1033 1 123,488 E X} 5 At - M 22
0.43Dis, R.C, 0¢
1-1-83 -2 0.88 0 Nohere  Bleel X T X T - 7181 Complets Perf, 65 8.1 43 X TS ¥ ]
P, Bt L. Al 0M-TY GALDIa. AT, 68
1-1-4 3 MxMxi-3/33 0B @ Spwre  Bheel 401 703 482 123,435 638 8 74 5.8 3703 .9
P, Ret, L. Steel 4130 0.4%iDia. A.C. 64 51.607
1-5-08 [ 81 WxWx1-¥43 0.0 % Syhere  Bei 2087 7.001 - “w.en 5.36 55 37 - 33 49
PR, e, L. Secl 4190 0.31306s, RC. 68 -
1-1-08 »% 10x14x1-3/32 0.3 » n_:m Oraniem 1000 5.3 - .46 Comples Krf. 40 3.4 as [X B X3
. Bl K Sieel 4180 Dis. o-xa
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SUMMARY

Under the aerothermal phase of the program, GE-RSD has continued
thermal and structural studies intended to develop the technology required to
assess re-entry induced thermostructural kill of a re-entry vehicle which has
been perforated by hypervelocity impact.

During the past six months, emphasis has been placed ua the undersiand-
ing of the "coupled flow' internal heating mechanism associated with singie per-
forations in unvented comprrtments. Tesiy of instrumented axisymmetric models
containing machined perforations were cenducted at Mach 10 in AEDC Tumnel C,
and in the Malta Rockst Exhaust Facility at Mach 8. The iuternal heating from
these two series of tests in widely different environments correiated well with
boloant g layer theory for the entire range of perforation sizes which were
tested \A/V4/3 from .01 to 0.27). The Malta sories of tests included an actuz}
impast perforation for comparison with tho machined perforations. A convenient
correlation equation was derived from thw analygis of these tests, to replace the
time-consuming evaluation of the formal theory.

The protective effect of a lightweight urethane foam filler within a model
having a simulated impact perforatior wis determined in a Malta rocket exhaust
test. Tho "effective heat of ablatlon" concept was used to characterize the per-
formance of ths foam.

The internal heating correlation derived from the AEDC and Malta teats
wap applied to a slem;e gharp-cone advanced target vehicle having a bailistic co-
eificient of 3000 ib/%t4. Censralized results were cbtained for the value of A/V3/3
required to cause thermal kili of several representative vehicle structure designs,
for any size vehicis haviag the atated geomeiry and re-entry conditions. The use
of the currently accepted imapect perforation correlation demonstrated an extreme
sensitivity of lethal {ragmert mass to the size of the vehicle being attacked.

The flow characteristics of machined and impect perforation orifices hav-
ing supersonic tangential approach flow were determined in a test program per-
formed fn ARDC Tunnel D. Tbe measured flow rates were predicted reasonably
well by a viscous modification to inviscid expansion theory. Pressure surveys of °
the suyersonic internal jeis formed from tspgentizl approach flow revealad the
two-dimensional jot decoy characteristic of such jets. This characteristic had
been hypothesized previously as an explanation for low impingement heat {luxes
obtained in ground and flight tests of periorated models. Oil {ilm photographs dis-
closed the existence of two general types of internal jet development, depending on
the orifice pressure ratio.

Structural studies concentrated oa the effects - relatively large cpenings
on the load capabllity of cylinders subjected to auxdai and bending loads. A modest
test program was conducted in support of an analytical method devised to predict

. the offceis of such openings. Mylar cylinders having various sises and shapes of
cutouts ware sudiected to axinl and beuding loads to determine buckling limits.
- Correlation of tesl rusuits indicated that modifications to the prediction method

are reguired.

Yo dats were obtained from tiie ICBM piggybsck flight experiment conducted
on the WAC program bucsuse of booster malfunction.
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I. AEDC TUNNEL C INTERNAL HEATING TESTS
A. Facility and Model Description

A series of seven tests were performed in AEDC Tunnel C to determine
the internal heating to models having simulated impact perforations, Tunnel C
is a 50-inch diameter, continuous, closed-circuit wind tunnel with an axisym-
metric, contoured Mach 10 nozzle. Nominal operating conditions for the tests
were as follows:

Resgervoir pressure P 1809 psia
Reservoir temperatur T 1900°R
Free-giream Mach no. M_ 10
Free-stream Reynolds v, Re, 2.2x lu per ft.
‘Test medium Air

Stagnation enthalpy b, 475 btu/1b

The test model (Figures 1 and 2) was a 10 degree semi-vertex angle sharp
cone with 2 15-inch base diameter. The model was the same model used previously
for tests in the Cornell Aeronautical Laboratory wave superheater tests described
in Reference 1, but with a sharp nose tip and with base plate modifications required
for tunnel mounting., The model contained a double shell construction, with an inner
stainless steel shell of . 030 inch wall thickness forming the test cavity and serving
as a heat flux calorimeter, and an outer stainless steel shell of 0. 150 inch wall
thiciness forming the external configuration and structural support. The shells
were separated by a 0, 3125 inch ingulating air space, which also provided space
for routing instrumentation leads. Inserts which fit in the cone wall provided a
variety of simulated perforation sizes at two diametrically opposite locations. The
vertical surfaces of the parforations were cylindrical, rather than locally perpendi-
cular to cone meridians. A vent orifice was also provided in the bage plate and
could be either open or closed. .

Instrumentation cousisted of 34 thermoco%.pleq and 8 pressure taps in the

" inner shell, and 9 thermocouples and 3 pressuce taps 1 tlw outer shell. A copper

slug calorimeter was nstalled in the downstream ‘side of eaéh insert, as shown in
Figure 1. A total pressure probe rake was motinted to the base of the model to
measure boundary layer profiles at the aft end of the model downstream of the
perforations. Thermocouples were recorded for-40 seconds after start of run, at
a sampling rate of 20 per second. Pressure readings were obtained over a 3
minute interval required for obiaining equilibrium in‘the 186 ft. length of tubing
involved. .

B. Teat Procedure

The tests which were performed are listed in Table 1. Tests 1 through 5
provided a systciitic variation in perforation diameter for a single perforation,
with no base plate venting. These tests vatied the coupled flow parameter A/v2Z/8
from .009 to .188. Run 8 provifled two perforations of equal diameter located
oppoeite each other, with no base plate venting, Run 7 provided a base plate vent
for a single perforation on the cone.
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TABLE 1. AEDC TUNNEL C 'NTERNAL HEATING TEST AGENDA

Test A 2/38 Performm;m“u v:"um". ater
Number v No. 1 e (lechos)

1 . 009 1.402 - -

2 .019 1.982 - -

3 . 047 3.144 - -

4 . 094 4. 443 - -

B . 183 8. 269 - X
8 . 3.144 3.144 - '
T - 3.144 - 1. 402

A = perforation cross-section area
V = internal volume

Temperature records were used to determine heat fluxes at a time of abow
3 seconds from start of test. The thin-wall one-dimensional heat flux techniqes
was used, with evaluation being accompl! ' “ed by an AEDC ccmputer program eas-
ploying a 21-point least squares fit to the data,

C. Results

Internal heat flux maps are presented for all seven runs in Figures 3 tarough
9. In all cases of single perforations, the maximum heat flux appears to occur
on the 180 degree weridian opposite the perforation. A local maximurm appears
to exist at about one-quarter of the base diameter, measured from the 180 degreo
meridian. The heat flux patterns strongly suggest the type of flow pattern (see
sketch below) inferred previously from the heat fiux maps for vented models of
the Wallops Island program (References 1, 2, and 3) for perforation locations

_away from the stagnatirn point,

L LOCAL.
MAXIMUN

MAXIMUM
HEAT FLUX
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Figure 6. AEDC Test No. 4 - Heat Flux Map

Qu " (42 BTU/SEC
4, ° p.eas TU/FTR EC

P *0.224 PSIA
Py " 0.204 PSIA 200" D "M
‘1 4B
1387
l’"""’_’? } 39‘ a8

. *
0728 2009 2078 1288

2248

ALL MAP VALUES SHOWN
N sTu/rFTE SEC
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Figure 8, AEDC Test No. 6 - Heat Flux Map
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Figure 9, AEDC Test No, 7 - Heat Flux Map

In no case did high hsat fluxes develop directly downatream of the perforation,
such ag occurred in the rocket exhaust tests conducted by the Ballistic Research
Laboratory (Reference 4). Further discussion of the internal heating mechanism
for single perforations is given in Appendix A,

The heat flux distributions of Figures 3 through 9 were integrated graphi-
cally over the internal surface area to obtain the total rate of heat absorption Qw
by the walls of the perforated volume. The resuliting values of Quw are listed on
the respective flur maps. For Tests 1 through 5, the values of Qy are ploited vs
perforation croes-section area A in Figure 1C, A remarkably consistent correla-
tion is seen to . suit, cousidering that the values of are subject to at least
%10 percent crror. Also shown in Figure 10 ls the predic.ion of the Donaldson

. relation for "coupled fiow" energy influx for these test conditions. The Donaldson
relation is: (from Reference 0 or 6)

%#!a%ﬁitmwﬁ Sx

S S B e

E, =35 =006 7%= DUA 1)

in which:

E, = dE/dé = rate of energy addition to internal volume '
7 = igentropic exponent = 1, 40 for tasts
p = local surface pressure = 0, 22 psia under
U = local surface flow velocity = 4600 ft/suc | discussion

A = perforation crose-section ara.

Since Equation (i) was derivad for large Mach numbers and for tempesttures in the
stagnant region which are small compared o the sitagnation temperature in the un-
disturbad flow, it represents an upper limit to the expected ensrgy influx due to
steady flow turbuleut mixing energy exchange, A more refined theorctical predic-
tion ¢an be derived from the compressivle turbuleit mixing analysis of Chow and
Korst (Reference 7!, whose results can ke written as: (See Appendix A)
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Figure 10. Results of AEDC Tuunel C Internal Heating Tests
for Single Perforations and No Venting

T, \ I,(n)
Em.g.?.-,z_jpw.(x-.ff) Al : @
(]
in which:
'I‘b/'l‘s = ratio of cavity internal air temperature to stagnation temperature
e of external flow
Iz(iij) = value of auxiliary shear layer integral below the dividing stream-
line '
c = similarity parameter for co-ordinate syatem (jet spread
parameter)

Equation (3) is observed to be & move gensral form o. squation (1). Unfortunately,
quantitative predictions using Equation (3) requirs a knowledge of the temperature
ratio Tb" 'r&. In the present series of experiments, tliis quantity can only be

datermined empirically by matching the experimental regults with kquation (2),
This is readily dons by assuming:

Qu~ By ' (3)
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which is equivalent to assuming thet a quasi-steady state condition exists within
the model internal volume after an initixl traasient filling procass (1. e., internal
pressure and tamperature are approximateiy constunt, and all £ the entering
energy must be absorbed by the walla), The validity of this assumption is checked
in Appendix A. By combining Equations (2) and /5), a mean value of Tb/'l‘s =0.30
was computed by iteration for the values of Qw shown in Figure 10, The to?lowmg
values were used in the calculation:

y 1.4

U = 4809 ft/sec .
¢ = 35 (for local Mach number of 7.1 - see Figure A-3, Appendix A)

The value of I (nj) is a function of ’l‘b/T , and is determined as shown in
Appendix A, ¢

As shown in Figure 10, the Chow-Korst analysis (Equation 2) with 'I‘b/ Ts.' 0. 30

gives a reascuable match to the measured values of Qu. The deviation of the data
Irom a slope of unity, mnplottoduﬁwvsA, Mcateathat'l‘h/'l‘ i8 increas-

ing slightly as A increagss. This trend can be rationalized theoretically by con-
sidering that if A is increased, the energy influx rate E; . attempts to increase in
direct proporiion to A, per Equation (2); but the wall aksorption rate Quw can-
not increfse ag rapidly as A, due to the 0, 8 exponent on decayed jet velocity which

i,

i

ﬂ;“,

i

=
3

Ik is noteworthy that the value of Qy for two diametrically oppositc perfora-
idons is not twice the value of Qy for a single perforation of the same diameter.
s 5 and 8, two dinmetrically opposite perforaticas resulted
of than that for a single perforation. Apparently
1ike circulation induced by the external flow past each pericration causes
of jet flows in the middle of the internal volume, with msre thorough
W heating of the &ir prior to impingement on the walls,

80 of interest is the large increase in internul heating caused by the

base plate veni. A comparison of Figures 5 sud 9 shows thrt for
perforation on the cone, a veirt having a dismaeter of one-half the
causad an increase in Qy to four times its value for no

i of this test was performed, using the messured pressures
all in the quasi-steady venting amlysis developed in Refer-
Acsuming chokad cutflow through the vent with an orifice coei-
the following ¢uantities resuilt from str: ‘uneoua solution of the
apergy bhakance squations:

T.  Mean internal temperature 620°R

m]  Inlet flow rate (m1 = exit flow rate mp) 008 Ib/sec

meh, Ralo of energy infiux .35 blu/sec

tw S Fraction of enorgy Inlauauorbadby
w

internal walls lw- 'f;{ﬁ: ' 0.e7
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This value of fy; compares well with the values of 0.65 and 0. 75 obtained for the
grou d and th tests of the Wallops Island program for an inlet orifice 80 degrees
from the stagnation point, with venting on the cone (References 1, 2, and 8). The
inlet flow rate is about 4% percant of the value predicted by the inviscid Prandtl-
Meyer ex;nnsion theory, probably due to approcch flow viscous effects. (See
Section V).

Average internal and external static pressurss are aiso shown in the heat
flux maps of Figures 3 through 9. n all runs, the internal pressure was very
uniform, with approximately 11 percent variation existing among the & internal
pressure readings. It should be noted that the internal pressure gxceeds the
external prezsure for tests with no vent open in the base plate. The ratio of in-
ternnl to external static presgure increases with perforation diameter from about
1.0% ior the smallor perforaiivia o 1, 13 for the lucgest peiforation. This
incresse in internal pressure is cauzed by the addition of energy to a closed
volume, us discussed ia Appendix A. '

The temperature responses of the calorimeter slugs on the downstream
suriace of the perforations (Figure 2) were used tc determine initial heat fluxes
near the beginning of the test runs. These heat fluxes were converted to heat
transfer coefficients, which are plotted vs perforation diameter in Figure 11
for runs with no venting. Also shown in Figure 11 are laminar and turbulent
theoretical predictions based on an spproximate method. In brief, the method
employs flat plate heat flux relations to the boundary layer which develops along
the quwnsiveam surface, as shown in the following sketch.

'SHOCK
DWLNL‘_ L" .Egsmi o

WALL SOUNDARY LAYER

CALORIMETER

Local properties werc determined by sentropic expansion to internal pressure
from stagnation conditions corresponding to the dividir treamline of the separated
turbulent shear iayer. The location of this streamline .48 deterrained by the
method of Chow and Korst (Reference 7), as discussed in Appendix A, _gince the
local Reynolds number Rey based on distance measured irom O in the skeich is
on the order of 1000, a jaminar wall boundary layer should exist. The agreement
of laminar theory with experiment ia excellent for the three smaller perforations.
For the two larger perforations, the lower experimer” ? values suggest trazsition
to & turbulent borndary layer, possibly due to increzsed turbulence levels azso-
ciated with longer separated [low paths before re-attachment. However, the data
for these two runs is in question becauge of the calorimeter alugs popping out during

the run, due to expansion of the RTV bond used to instail the slugs. (Air gaps
existed around the sluga for the three smaller parforations. )

FLOW
e

Thie analysis of this group of tests is complete, with the exception of a
cc.aparison of maximura internal heat fluxes with a theorctical prediction employ-
ing jet diffusion and jet impingement heat flux relutions.
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Figure 11, Heat Transier to Downstream Perforation Surface-
‘ AEDC Tumnel C Data

I. MALTA ROCKET EXHAUST INTERNAL HEATING TESTS
A. Facility and Model Description

A series of seven tests are being conducted in Pit Four of the Malta
Rockst Bxhaust Facilitytodetermine the internal heating to open and foam-tilled
models baving sinulated and actunl impact periorations. The Malta Pit Four
Facility utilizses & 18 inch exit diameter contoured shockiess n  zle on a liquid
propellant rocket motor body. The fuel is ethyl alcobol with liguid exygen as an
oxidizer. Nominal oporating conditions for the tewts .ce as fcllows:

Chamber preasure 000 peia

Chinbur teapelatss 00000

Ctamber enthulpy 3350 btu/1b

Fres-stream Mach number 3.0

O/F ratio 2.1

Test medium Exhaust gases (¥ =1.20, mol. wt. = 28)
+ Model stagration pressure 170 peia
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Thetest modeils are all of a common design, being blunt cones of 10°45' semi-
vertex angle and ¢.8 inch base diaxaater, The heat shiclds are laminated phenolic
nylon, bonded by Epon 8 to Inconel 800 atructures which form the test cavities
and gerve as heat flux calorimeters. The heat shield thickness provides sufficient
insuiation to prevent any structure temperature rise due to external heating for
run times up to 15 seconds. A 3ection drawing of the model is shown in Figure 12,

which gives dirensions of interest. A photograph of a model on the test stand is
shown in Figure 13.

B. Test Procedure

The test agendr betng foliowed is shown in Table 2. In all cages, a siugle
paiuistion exists op tho conlaal povtion of the modsl, located as ehown in Figure
12. ‘Teats 1 through 4 congider the internal heating to open internat vclumes,
while Tests S5 through 7 ‘nvestigate the rogponse of internal foam fillers contain-
ing sixulated impact cavities. Instrumentation for Teats 1 through 5 consists of
28 to $0 chromel-alumel tharmocouples on the backiace of the Inconel structure,
with leads routed in the bond space between the heat shield and structure, and 4
proasure taps in the backplate of ths model. In addition, Tests 1 and 2 inciuded
3 stainless steel slug calcrimeters installed in stainless steel ring inserts, as
shown in Figure 12.

TABLE 2. MALTA ROCKET EXHAUST INTERNAL HEATING TEST AGENDA

Perforation Type Run
Test A/VM‘ Diameter of Internal Time
Number (inches) | Perforation Foam (sec.)
1 11 . 2.5 Machined | None 5
2 21 4.0 Machined None 5
3 .18 3.25* |Impact None 5
4 .07 2.0 Machined** | None 3 -]
5 4.0 Mackined |Urethane,p=~17.8 lb/!ta 10
6 - 4.0 Machined Urethane, p = 3.0 lh/lt3 15
§ - 4.0 Machined Urethanc, p =3.0 b/t 15

A = initial perforation cross-section throat ares
V = initial {ree internal volume
*Effactive diameter of equivalent area circle
“*The wmachined perforation for Test Number 3 cortained & bavelled
approach contour (see Figures 13 and 23). All other machined perforations were

cylindr'cal orifices.
C. Rmits

To date, Tests 1 through 5 have beer completed, with Tests & and 7 sched-
uled for Aprii i964, Pre-iust and posi-test paolograpis oi test modeis ior Tests i
through 8 fire shown as Figuras 14 through 36, The white deposits seen in
Figurss 15 and 17 ara coministion residus of the RTV gap filler material which

ignited upon shuidown, Aussng the more signiiicant post-test visual observations
wh!~h can be mede are the foliowing:
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zat One - Post-test View

Figure 15. Malta T«

Figure (4. Malta Test One - Pre-test View
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Figure 17. Malta Test Two - Pust-test View
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Figure 30, Malia Test Three - Post-test View
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Figure 34 Malta Test Four - Fost-Tost View
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Test No. 1 (Figures 14 and 15)

The twd calorimeter slugs in the ingert ring had burned cut. Erosion had
occurred at the downstream edge of the insert ring; however, the ring had not
melted completely through.

Test No. 2 (Figures 16, 17, and 18)

The insert ring had melted completely through at the downstream sdge. A
longitudinal erack daeveloped in the heat shield from the downstream edge of the in-
sert to the aft end of the model. Fastax motion pictures showed that this crack
occurred at about 1 second after start of test, and progressively opened up during
the remainder of the test. The crack may have been due to thermal shock,
aggravated by the stress concentration due to the perforation.

Test No. 3 (Figures 19 and 20)

The major lorgitudinal crack, which was caused by impact, opened up dur-
ing the test. A hole was burned through an Inconel structure petal caused by im-
pact, on the downstream side of the perforation. The maximum longitudinal di-
mension of the porforation grew from 3.25 inches to 3. 75 inches during the test,
The condition of the model after impact but prior to thermal test is shown in
Figures 21 and 22. In preparing for thermal test, the heat shield was pulled to-
gether to permit bonding of the lopgitudinal impact crack. Several loose pieces
near the perforation periphery were also bonded in. The perforation for this test
was caused by & 2.5 gram aluminum sphere at 12, 900 ft/sec, striking 70 degrees
from the surface longitudinzl meridian, and was impacted in the N: val Research
Laboratory's Light Gas Gun Facility.

Test No. 4 (Figures 23 and 24)

Some erosion and melting of the cownstream edges of the heat shield and
structure occurred, being maximum glightly off the diametral meridian,

Test No. § (Figures 25 and 20)

The urethane foam allated in a typical cavitv-heating pattern. A char
layer developed on the foam surface. The initial and final cavities in the foam are
shown in Figures 27 and 28. The initial cavity was & scmewlat idealized simula-
tion of an impact cavity cbtained in a 12-inch cube of the same foam, placed be-
hind a flat plate phenolic nylon - steel composite target having thicknesses corres-
ponding to those of the test model. The largol perforation aud foam cavity were
cauged by a 2.5 gram aluminum sphere at 17,800 1 /sec, etriking 600 from the
surface longitudinal meridian, fired by NRL in their Light Gar Gun Factility. The
deap secondary penetrations below the primary crater in the foam were caueed by
pleces of structora, ‘

The thermocouple data were reduced and plotted at 0.5 second intervals.
A one-diniensional thin wail heat tlux caicuiRiion was used to converi ibe sivpes ol
the temperature-time curves to heat flux at 2 seconds after start of tost. Heat
flux maps are plotted for Tests 1 through 4 in Figures 20 through 32, which also
show average internal and external static pressures at 2 seconds. The error
a.3ociated with each local heat flux is estimuted to be at least + 10 percent. The
heat flux distributions are seen to be quite similar to those ohtained in the AEDC
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: Figure 37. Maiia Test Five - Foam Abiation
(Longitudinal Section through 0 Degree Meridian)

Figure 28. Malta Test Five - Foam Ablation
(Transverse Section Perpendicular to 0 Degree Meridian)
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Figure 29, Malta Test One - Heat Flux Map
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Figure 33, Malta Test Two - Heat Flux Map
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teats described earlier, with maximums nceurring on the meridizan 180 degrees
trom the perfcration, Even for Tests 2 and 4, in which thinner downstream edges
are provided by impact and bevelling, respectively, the wall thicimess of tho model
downstream of the perforation was apparently sufficient to turn *“e induced internal
flow approximately 90 degreos.

The heat flux distributions of Figures 20 through 32 were integrated graphi-
cally over the internal surface area to obtain the total rate of heat absorption Qw
by the walls of the perforated volume. The resulting values of are listed on
the respective flux mape. These vilues of Quare plotted vs injtial perforation
cross-section area A in Figure 33. Also shown in Figure 33 ia the prediction of
the Donaldson relation (Equation 1) for “coupled flow' energy ir"ux for these test
conditions (y = 1,20, p = 22 paia, U = 6000 ft/sec). As discuss.d previously,
Equation (1) represents an upper limit to the energy influx due to turbulent exchange
acroas 2 steady shesr layes fiow., The Chow-Korsi relation (Equaiion 2) with v = 15
f.,r Multa conditions is seen to bracket the measured values for a range of T, /Tg
of 0.1 to 0.5 The model containing an actusl impact perforatior yave a relstively’
low value of Qy apparently due to the more thorough mixing of tise induced jet flow
caused by deflection off the structure petals (see Figure 22). This increased mix-
ing prior to jet impingement causes a greater internal gas temp._rature (larger

Tgg), which reduces the value of Qu. The machined perforation results again
matra:ldmrdanincrmom'ﬁ' Sa 88 A increuses, ar was thie case for the
results.

The internal heat flux distributions for Tests 1 through 4 are plotied in
Figure 34 ws a normalised heat flux ratio q/qmu vs 8, the surface distance from

the estimated jet impingement point. Also shown is the average locus of the re-
sults for Malte Pit Four Test M2A of the Wallops Island program (References 1
and 3), in which a 0.37% inch diameter inlet orifice was located on the nose 60 de-
grees from the stagnation point, with two axit vents on the cor  Although large
data scatter exists, it appears that the dashed curve represents a reesonable first
approximation to a universal interral heat flux distribution, provided that:

e the perforation drwnstream wall thickness s sufficient to turn the in-
duced shear layer flow 80 degreess; and,

¢  the internal jet flow is fully developed upon impi nt on the
opposite wall.

For applicatiou to vehicies whose size difiers from that of the ..alta test models,
the abscissa of Figure 34 should strictly be & dimensionless length ratio such as
8/D, wisere D is the maximum diameter of the porforated compartment. An equiv-
slent method is indicated on Figure 34, as an adjusted distance co-ordinate 8
which is sraled to the M4« modsl aize.

In the proceding discussions, no heat flux mapy or distributiony have been
shown for Tust §. For this test, the urethene foam provided enough ingulation
such that negligitle tomperature rises occurred at sll locations which ware «#}l}
protocted by foam gt the end of tho test. The hichtst teinperature reached was
88091, at a location 0.8 inches downstiream of the per!orguon (T.C.#12, Figure 37).
For this location, a maximum heat flux of about 80 btu/fté sec occurred at 3.5
seconds during the run.
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Bome idea of the relative proioction afforded by the foani can be obtained by
comparing structure temperature rises for corresponding locations for Tests 2 and
S, as shown in Figure 35. Care must be taken in interpreting thase results, since
a longer test time obviously would have caused more gtructure to be exposed, with
subsequent significart temperature rises. Thus, the foam serves as an energy
abaorber to provide a time delay in the heating of the structure. The thermal per~
formance of this particular foam (Hetrofoam 368) in the Malta Pit Four eaviron-
ment can be characterized by an average heat of sblation Q*, defined in the usual
IALLSY:

-4
Q-3 )

in which § = heat flux to foum suriace

th = rate of mass loss per unit surface area
(th = p ¥, where ¥ = fomm ablation rate)

The value of Q* was computed in iwo ways:

¢ The total volume of £ ablated was estimated from Figure 35 to be
approximatsly 0.13 ft¥, or a weight of about 1.0 Ib. The rate of energy
input to the foam wus assumed to be the same as the value otow!or
Teat 3, giving a total of 1360 btu added during the 10 second run,
Thus, the value of Q* is simply 1350 btu/lb on this basis.

e The iocal heat flux at the deepest portion of the foamn cavity was
assumed to be 60 percent of the oxternal heat flux, based ¢n cavity
heating correlations. For this assumption, § ~ 200 btu/ftégec at a
point where § ~ 3.5 inches/5 seconds ~ 0.5 in/sec. Equation (3)
yields Q* = 1230 btu/1b for this approach. Since either method of
estimating Q* involves rather gross assumptions, a reasonable esti-
mate of Q* for tho foam of this particular test appears to be 1800
btu/Ib & 30 percent.

The temperaiurs reaponses of the calorimeter slugs on the downatream
suriace of the perforations ‘or Tests 1 and 2 (Figere 13) were used to determine
initial heat flutes near the beginning of the test runs (8 ~ 0.5 seconds). Laminar

. and turbulent theoretical predictions were also mude, ssing ‘he approximate

method described earlier in Section I. The resulis are tabulated below:

‘Test number 1 3
Perforation diameter, inches 3.8 4.0
Calorimater (8¢ Figure 12) A B A B
Measured heatflux, biu/1td s 850 5% 650 550
Thenretical heat flux, btu/%? sec
Laminar 285 .70 300 80
Turbulent e85 310 470 380
The magnitude and distribution of measured heat fl.x suggests that the turbulent
theory gives a better p than laminar theory, despite the low value of Re

{on the order of 1.5 x 10%). mmmumm-mmmmunmm:ym"
g out 40 percent, psrhaps due to the high dagree of turbulence and fluctuations in
the rockst exhaust savironrient.
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TEMPERATURE, °F

Figure 35. Effect of Intermal Foam on Structure Temperature Rises
for Typical Thermocouple Locations

The internitl pressure histories of Tests 1 through 4 show an interesting
trend (see Figure 38). In all cases, the internal pressure rose to a maximum dur-
ing the first 0.5 seconds of exposure, and decreassd gradually thereafter during
the remainder of the-test. The maximum internal pressure exceeded the externai
cone pPressure by as much as 30 percent. ‘This effect iy due to the addition of
energy to a closed volume, as discusaed in Appendix A. There is a trend in the
sarly portion of the test for the internal prassure to increase with increasing per~
forstion area; however, Test 1 does nat follow thin peitern. By the end ol the run.
the ratio of intermal to external premahddocrmodtommﬂmuoly! 1,
sgresment with the AEDC test values.

The internal pressurs history for Test 5 is also shown in Figure 36.
Litle rise in pressure was cbaerved on three of the pressure taps, due to the
presence of the fonm. However, one pressure tup gradually rose during the test,
{ndicating that a slow leakage path oxisted through the foam st this location. Pogt-
test inspaction of the model revealed that this pressure tap had become exposer by
the end of the test.

The final two tests of the current prog:am are achediled for early April,
TanMemnmmlmmmmumummngurou,nut
/tt3 uretbane foam. Test 7 wili contain a doeper cavity in the same
Slb/ urethane foam uged for Test 6. Instrumentation wili consist of 20 thermo-
couples on the Inconel structure and 10 thermccoupiss located within the foam.
Thes~ latter thermocouplss will be supported by rods threaded into the structure

and should indicate approximats foam ablation rates during the tests.
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Ii. CORRELATION OF AEDC AND MALTA INTERNAL HEATING TEST DATA
FOR SINGLE PERFORATIONS

The review of the AEDC und Malia internal heating test results given
above has shown that the internal heating due to single perforations can be pre-
dicted reasonably well by the Chow-Korst turbulent shear layer theory, provided
that a reasonable estimate is made of the temperature ratio Tp/Tge. In Figure
10, the AEDC results were seen to give excellent agreement with eory for
'I‘b/T = 0.3, In Figure 33, the Malta results were seen to agree reasonably
well wﬁh theory for Tp/ Ty ~ 0. 8, but with considerable scatter, due primarily
to perforation ghape eﬁecg Based on these observations, it is apparent that
Equations (2) and (3) can be used to deduce the following dimensionless correlat-
ing prrameter ¥ for rate of internal energy absorption by the walls of a singly
periorwed compartment:

WK :gAlz(T
('v—l)( GJ"j) ®

in which the term containing Ty,/Tg,, has been dropped by assuming it to be ap-

proxisnsiely constant. The value o? Ia(ny requlres S considerable amount of

calculation for each test condition; thardore it {a more convenient to elimimate

R (ny by the ap(prt)umlﬁon Ig(np ~ C1.35 which was derived empirically from
n

evaluailon of Ig for Tb/'l = 0, 3 in the manner expiained in Appendix A.
With this subatltué.on, 85 {5) becomes:

(,,;)( 5) Y

The test reaults of Figures 10 and 33 are presented in terms of ¥ according to
Equation (6) plotted va perforation zrea A in Figure 37. 1t 1s seen that the choice
of ¥ achieves & reasouable ccorelation of data fc; two widely different environ-
maents having valuos of Qw which differ by more than an order of magnitude. It is
not surprising that the tosts with a bevelied simulaied perforation and an
actual impact pertoration deviata somewhat from the mean correlation line.
gthe;‘ scatter must be atiributed to experimental error and the effects of varlahle
b/ T g

T+ mean correlation line shown in Figure 37 yields tha following

. ac/,_)/l?f ch- ) @
/\ /

-equation:
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l“izurea'l. Correlation of AEDC and Malta Internal Heating Data

for Single Perforations and No Venting

rate of heat absorption by internal structure, btw/sec
isentropic exponent of the test medium
local external static pressure at perforation location, peia

local external velocity at edce of boundary layer, &t perforation
location, ft/sec ‘
.3

perforation cross-section ares, in

Crocco mumber = U@T
s

-stagnation enthalpy, btu/1%

jot odxdng similarity parameter
machanical equivalent of heat = 778 ft. 1b/btu
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The values of the variables used in evaluating ¥ from Equation (6) are listed
below for each test environment:

AEDC Tunnel C Malta Pit Four
Mcdel of Fig. 1 Model of Fig. 1
y 1.4 1,2
P peis 0, 22 22
U ft/sec 4600 6000
C 0. 955 0.50
o 35 15.5

A 3%l urpate method of corpalaiing internal heatliyg data du« to a single perfcia-
tion was proposed in Reference 6. This method was based on the fluctuating
shear layer concept of Charwat et al (Reference 8), which led to the relation:

dE/d8 ~ Qg . PUh, A (8)
By use of perfect gas assumptions, Eguation (8) can be written:

Qw - .y—f PUA (1 + T ) (9)

In Equation (0), My is the local external Mach number; other symbols were de-
fined in Section L "Equstion (9) suggests that the proper correlating parameter
would be:

o - Sw
() oua 0o 3t ")

rather than ¥ of Equation (6). When Equation (10) was applied to the test results

of Figures 10 and 33, the Malta tests were found to vield values of ¥' which

were an order of ma.gnuude Ligher than the valuzs of ¥' for the AEDC tests.

Therefore it is concluded that shear layer fluctuation effects are secondary to

g:o h&:ic shear layer energy exchange mechahism whicii was the basis for Equa-
on

(10)

IV. THERMAL KILL OF RE-ENTRY VEHICLES DUE TO SINGLE
PERFORATIONS

A Inroduction

The thermal kill of re-entry velicles due to single perforations can now
be investigated by means cf Equation {7) deveicped above, The following asswmn-
dons are made:

e The re-eutry vebicle compartmeni which 18 perforated is a sealed,
unventsd compartment whose walls can withstand any preuure dlfo
ferential caused by the perforation.
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¢ Thermal kill occurs wheu the average structure temperature reaches
the structure melting pcint,

¢ The effect of perforation enlargement due to re-entry heating is neg-
lected,

Before proceeding with the analysis, some discussion of these assumptions
is warranted. The first agsumption is made from the standpoint of the defense
system designer who lacks detailed intelligence iaformation concerning internal
bulkhead and aft cover thicknesses and materials. If first-hand knowledge of
such information is available, as in the vulnerability evaluation of a U, S. design,
this assumption can be relaxed in favor of a stress analysis to determine pres-
sure stresscs. It is quite conceivable, tor example, that the vehicle aft cover
would he vented to waka pressure to permit a lighter aft cover design, In this
Casa, A perforation of the att cumpartment would result in greaier internal heai-
ing than predicted by Equation (7), due to the effects of venting. Further, the
internal pressure buildup may be sufficient to blow out the aft ¢over, whether or
not veuting exists. The resuiting large mass flow through the aft end of the ve-
hicle could then lead to serious thermal and aerodynamic effects.

The second assumption is made for the purpoge of simplitying the analysis.
Previous structural studies reported in Reference 1 showed that thermostructural
failure will actually occur at a structure temperature somewhat below the melting
point; however, the rate of temperature rise is so great at this time that the
melting temperature would be reached very shortly thereafter. Hence the melt-
lig temperature is used as a matter of convenience. Another aspect of this as-
sumption is the neglect of local hot spot areas such as the region directly opposite
the perforation. The heat flux maps of Figures 3 through 7 and Figures 29 through
32 indicate that . large section of the structure opposite the perforation will prob~-
ably have melted before the average temperature rise reaches melting, More re-
fined thermostructural kill calculations considering this effect will require addi-
tional structural studies of the type described in Section VI,

The third assumption is made both 28 a maiter of convenience and lack of
knowledge. Insuff’cient data exist at present to define the rate of enlargement of
single perforations uiidor realistic re-entry heating conditions. The only results
obtainad for single perforations are Malta rocket exhaust tests of Reference 4 and
the present Malta Test Three, These results indicate widely different enlarge-
ment rates, with the condition of the downstream surtace of the perforation ap-
parently being of prime importance, Neglect of the perforation growth is, of
courss, conservative from the defense system designer's viewpoint, since con-
sideration of this effect would promote earlier failure,

B, Amiysts

The rate of average temperature rise of the st .cture of a perforated
comps.imont is well-approximated by the thir-wall heat flux relation:

N TR ()
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T = average structure temperature
6 - time
fi = average heat flux to structure
# = density of structure
C.. = specific heat of structure
t = thickness of structure
"ha =verage heat flws § I= deftned am:

. QT:' 12)
in which:

Qw = total rate of energy absorption by structure

A. = total surface area of structure

integrating Equation (11) from time 8 to time 64, axd subetituting Equation (12)
for § and Equation (7) for Qyy yields an expression for the average structure

‘temperature rise XT, assuming perforation at time 6y:

.
ox { 52y puAch® de
s g 1 p ‘

Assuming all quantities exc.pt p and U under tiie iutlegral sign to be constant at
their average values between 9y and 83, Equation (13) can be rewritten:

.v .10 25 0
0.4 K o C A 2
A = m;m v 1 v'i?s 1 pU dé (14)

in which the ratio A/V¥3 jog been introduced by the substitution:
vo/3
K = —x— (15)
LY s N

with V being the intermal volume of the parfurated compartment,
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For a given vehicle flying a glvea tieajectory, Equation (14) gives the
value of the average structure temperature rise at the time 69 due to a pexfora-
tion at the time 6. For a thermcestructurial kill, AT must equal AT _, the
temperature rise to melting. refore Squation (14) ytelds the iou%’wim expres-
sion for the critical value (A/ V%' 9),4s required for thermal kill at *‘me fg due
2 perforation at time 84:

(Fc-pt &T, ) a3

A - b4 — (18)
(m)cm ¥-1 0.4k f % puas
i
C. Results

Equation (16} was evaluated for a high ballistic coefficient vehicle such as
the C-1 target vehicle (Reference 1) having W/CpA = 3000 1b/ft2 and a semi-
vertex cone angle of 11 degrees. Thc following values of 7, 5, K, and & are

appropriste:
¥ = L3 K = 0,18
§ = C = 0,85

The C-1 trajectory of Reference 11 was used to compute the time variation of
cone pressure p and velocity u needed to evaluate the integral in Equation (18).
The redults are represented in generalized form in Figure 38, which is applicable
to any size vehicle and structure design having the given cone angle 8y, ballistic
coefficient 8, and re-entry conditions of the C-1 vehicle. Similar curves could
be plotted for any combination of 8y, 8, and re-entry conditions Vp, vg.

Results such as those of Figure 38 can be used to generate curves of lethal
perforation diameters for thermal kill as a function of intercept altitude, kill
altitude, type of atructure, structure material, structure thickness, and vehicle
length. Examples of such calculations for the C-~1 type of vehicle are gshown in
Figures 39 and 40 for an intercept altitude of 60, 000 feet and thermal kill by an
altitude of 30, 000 feet. Monocogue and honeycomb sandwich structures are con-
sidered, with steel or aluminum as the material, The structure thickneas ra.
quiroment was asgumed to vary in direct proportioa to the vekicle length, with
the design tihickneuol for the C-1 vehicle length of 23. 5 feet being obtained from
Reference 1.

Figure 39 shows resuits for a perforation of the forecone region, while
Figure 40 shows results for a perforatior of the aftcons region. Equation (16)
yields the scaling relation:

D - AVZ | 1Y2 (17

where L is the vohicls length, {foi the agsumption that t ~ 1, Therefore the
lethal perforation diamster for thermal kill is sean to be relatively sensitive to
the size of the vehicle. A vehicle the size of the C-1 dezign is seen to require

1 Jatively large perioration diametars to accomplish thermal kill, while vehicies
of smaller size can be killed thermally by more madest perforation dicmeters.
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Altituda for Intercept at 80,000 oot Altitude - Perforation in Aftcone

The effoct of inlercept sititude on lethal perforation dlameter for a given
kil altitude is shown in Figure 41, for & perforation in the forecone region of a
10 foot long vebicle. It.iz seen that little is gained by intevcepting above 60, 000
feet aititvde, due to the relatively low pressure and heat flux at this altitude,

However, lethal perforation sice begins to increase sharply for intercept altitude
below 60, 000 feet.

Since the correlation of Persachino (Reference 9) for hypervelocity impact
periorations of re-entry vehicles structures irdicates that:

D ~ m0 36 A (18)

where m is the mass of the attacking fragment, it follows from Equation (17)
that: .

m ~ L& - (19)

In other words, the lethal lrugment mass required for thermal kill increases by
a factor of (2% 17 = 18 for 2 doubling of the vehicle length. For example, the
applicatiois of Persachino's correlation to ths C-1 type of vehicle gives the follow-
ing results for sluminum honeycomb sandwich structure and an assumed heat

sk’ 214 thickness of 1. 0 inch:
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Vehicle Location of L) s (grame)
Length (ft) Perforation 50, 000 £t *

10 Forecone 4

20 Forecone 0

10 Aftcone 50

%0 Aficone 900

“for intercept at 60,000 ft, at 25, 000 t/sec relative intercept velocity.

Thene results dramatically illuastrate the importance of accurate intelligence
irdormation regarding the aize ol the hostile vehicle, when sizing the fragments
in a perticle impact defense ayatem.
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V. AEDC T(}NNEL D ORIFICE FLOW TESTS
A. Introduction

The thaoretical solut‘on for the internal pressure response of a perforated
compartment requires knowledge of the effective flow resiatance nf the perforation,
Since the external flow approaches the orifice roughly perpendicular to its axis,
turning losses exist which must be considered when applying orifice flow relations,
Further, the external flow is supersonic over most of the vehicle surface, leading
to shock losses upon impingement on the downstream lip of the perforation.

In previous work (e.g., Reference 10), inviscid Prandtl-Meyer expansion
theory was propoged to provide a first approximation to the orifice flow rate for
cnzerennic tangontial approach flow, Since no experimental data were available
in the open literature to verify this technique, a series of wind tuune] tests were
conducted at the Naval Ordnance Laboratory to determine flow coefficients for
varioug orifice geomeiries and pressure ratios. These resuits (reported in Refer-
ence 11) showed measured values which fell well below the inviscid theory for
small expanaion angles (‘:ﬁﬁpl > 0.6), presumably due to viscous effects. How-
ever, inconsistencies in effects of orifice diameter were apparent, and data
were obtained only for one supersonic Mach number (My = 1.5). Therefore a
more extensive program was undertaken in AEDC Tunnel O to corroborate and
extend the NOL results. The objectives of the program were to obtain:

e Extension of flow coefficient measurements to Mach 5, including
actual impact perforations in addition to drilled orifices.

*  Probing of jets developed from supersonic tangential approzch flow
expanding through orificer, to determine jet shape and velocity profiles.

¢  Photographs of expanding jet flow directions.
B. Tesat Procedure

The tests were performed by mounting & pressure-tight box having a volume
of approximately 2 cubic feet to the tunnel side wall and placing varicus orifice
inserts ir the side of the box which formed part of the tunnel wali, Schematic draw-
ings showing top and front views of the set-up are given in Fiqures 42 and 43, res-
pectively. Steady state {low rates were ostablished by evacuating the box (o the
desired pressure ratio, The flow rates were measured by a calibrated flow nozzle
in the vacuum line. The atatic pressure upstream of the box was measured by
a pressure tap located 5. 81 inches upsiream of the test orifice centerline, Static
pressure within the box was determined by the average of 6 pressure taps. The
major portion il the data showed variatione of less than + 2 percent among these
8 readings for a given setting.

Fltot pressure surveys of the expanding jet within the box wore obtained

adb macacnnt ‘Auﬂ“m Aomvnabnnnm 4 solentad orifinae ‘:",v masng c.l an .J:"!_._O_Q_b!e

e WY Y WL Aitsha S v WhhAAE W W Wb bk b -t v, —es wowe,

survey rake containing 17 probes (Figures 44and 43). The rake head could be
rotated about two axes (8, ¢ in Figure 44) and could be moved anywkere in the
box. The probe tubing was stainless steel with an inside dizsmeter of . 330 inches,
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A survey rake was also located inside the tunnel test secticn oo the tunial
wall €, 13 inches downstream of the test orifice centerline to maasure tunnel bound-
ary lsyer profiles.

Flow vizualization by means of Echlieren photography was attempted; how-
ever, the densitics were too low for the flow to be seen. As an altsrnate measurs,
a horixontal splitte: plate sharpened to 2 kn'le edge was placed perpendicular to
ths orifice and on the horisontal diameter (Figusc 43). Phosphorescent oil was
sprayed cn the plate before each *est. The jet produced during the test causod the
otl to'run in streaks. Aiter the test, the plate vus removed and photographed in ultia

The test matrix which was followed {s shown in Table 3. A typical orifice
inwetd is shown in Figure 43 melor to installatic:: in the tunnel, Views of the in-
seris coninining actusl impact perforations ars given in Figures 48 through 49.
‘The nominal teat conditions for each Mach numbar were as follows:

ul 10 ‘7 3. 00 5- ol
Tunnel P, psia €0.7 43.7 14.16
Reservolr
Conditions  To °r 840 840 540
TABLE 3. ORIFICE FLOW TEST MATRIX
Or#ioe w Mach Number M,
Couliguration (]
Number | SM&.D  Thiciess VD pegrees | 1.47 3.60 5.01
(inches)
1A 1.0 0.3 0.3 90 XP XP X
i 1.0 0.0 :.3 xP
& : 4’% 0T L‘; A
7} 1.0 1.0 g.g x
4% 4 — 3w —%—¥
T E = = =
g 4% .28 0,62 ﬁ:::; X X x
7y 3.7 =
5B 2,0 2,0 1.0 60 X
U] 1
L
X - Mass {low rates were mesasured for this condition '
P - Jot survey was taken for this condition r—
* Rifective dismater for equivalent circular area D s

Note 1. ¥upact porforation {Irgures 48 and 47) caused Ly 3/4" D. wisel
" apiwere &t noroal incidence at 17, 360 ft/sec in 1.0 inch molded
phenolic uylon bonded to 0.35 inch Mg bickup structure.

Note 4. Eupact parforation (Figures 48 and 40) caused by 5,/16" D, steel
sphere at normal incidence at 15, 363 ft/sec in 1. 6 inch molded
phenalic nylou bonded to 0,35 inch Al backup structure.
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Figure 41, Coufigaration 4A « Buck View (From Box)
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C. Flow Rates

Graphs o measured flow rate vs static pressure ratio across the orifice
are given in Figures 50 through 55. The basic flow rate data for orifice diameters
o 1.0, 2.0, and 4,0 inches are given in Figures 50, 51 and 53, respectively.
The data &t My = 3 for D = 1.0 inches were onitted from Figure 5C because of
cbvious inaccuracies due to the low magnitude of the flow rates being mesaured.
Rt is seen that variations in orifice wulil thickness t had relatively littie effect
on the flow rate.

The effect of orifice obliquity is shown in Figure 53, The effect of tilting .
the orifice axis 30 degrees in a downstream direction a4 shown in Figure 53
(0 = 60 degrees) 15 to increase the flow rate from 20 to 50 percent over the values
for & . 90 degreas. 'This incauane la probably duc to the reduced shock lossas
asgociated with & smaller flow turning angle.

The flow rates for the two impact perforations are given in Figures 54 and
§5. A comparison of these two figures shows that the flow rate for the larger
perforation was comparable to that for the smaller perforation, despite a differ-
ence of & factor of 3 in their flow areas. Thia result appears to be atiributable
to the added flow resistance of the "orange peel" condition of the aluminum struc-
ture of the larger parforation, causad by impact. The magnesium structure of
tie amaller perforation doss not exhibit this orange peel effect, but shears in
a straight plug fashion. -

In Figures £0 through 55 the reduction in fiow rate as Mach number M; in-
creases is not a true Mach numbar effect, but is caused by the lower static pres-
sure upsiream of the orifice associated with expansion froin reservoir conditions.

Initial comparison of measured flow rates with theory consisted of a calcula-
tion of the flow rate busad on isentropic expansion thoory for the given text condi-~
tions. This method yislded the solid curves Iabalicd *Inviscid Theory” in Figures
50 through 88. These curves were computed using from the continuity equation:

m = p, U, A sindv (29)
in whick:
m = mass flow rate through orifice "
: ' ]
Dz = density aftor expanaion to p,
Uz = velocity after expansion tc Y ?
A = orifics cross-section area "

Av = turning angle of flow in expandiug from p, to p,

The quantities Pg, Uy, and Ov were determined from the isentropic tables of
Referance 13 for'y = 1.4, for a flow expanding from M;. It 18 seen that for

the basic data for D = 1,0, 3.0, and 4.0 inches (Figures 50, 81 snd 52), the

weasured flow rates fall far helow the inviscid thenry. This circumstance
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ig due to saveral possible causes, e.g., viscous effects due to the non-uniform
velocity of the approach flow boundary izyer, entropy losses due to impingement

shock waves on the downstream orifice surface, and three-dimensional flow .
effects.

Inan odort to improve the theoretical prediction of the data, an approximate
method of allowing for viscous effects was devised. In this method, all the air

striking the downstream edge of the orifice is assumed to enter the orifice as
shown in the aketch below.

The Umiting streamline which just hits the top corner of the downstream edge
i assumed to have expanded through an angle Av corresponding to the local
Mach number in the boundary layer at the particular height y* of the limiting
streamline. This height y* is simply X tan Av, where X is the chordwise
dimensgion acroas the orifice. Sirce X varies acroas the orifice, y* and Av
must also vary. For purpodes of simplification, it was assumed that an effec-
tive average value of y* is given by:

y* = 0,8 D tan dv (21)

in which 0. 8 is a weighting factor to allow for the three-dimensional character
of the flow. The flow rate entering the orifice per unit depth into the paper is
then given by:

*
m= f oua (332)
o .

whereas the corresponding inviscid value is.

Dy, =P Vo 7* {23)
Hence & viscous correction factor X,, may be defined:
. " /6
m 1 y P u ( )
7} S - d (24)
B 7 I Pe UG *

)
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The velocity profile was taken as the standard turbulent power law with n = T7:

£ -6 a

e

and the density protile was determined from the Crocco distribution for a
fect gas and adiabatic wall conditions:

-1

o/pg = ,u ¥ owt! fi- (g;)z]t (26)

e i

Wuotion (234)for Ky was evaluated using ¥ = 1,4 and the following measured
valuas of boundary layer thickness 0:

M, =M, = 1.47 3.00 5.01

S8(inches)= 0,75 0,80 2.50
The corrected theoretical flow rate was then determined from the definition
of

m Ky | @

in which m, correaponds to m of Equation (20) in the inviscid theory. The

resulting valuea of m are plotted as dashed curves labelled ""Viscous Theory"
in Figures 50 through 55. Excellent agreement between measured flow rates
and "Viscous Theory" predictions is seen to exist for D Z 2.0 inches and M 2
8.00, for normal machined orifices (Figures 50, 51, and 52). No "Viscous
Theory" is shown for D = 1.0 inches at My = 1.47, as all of the flow was sup-
plied by the subsonic portion of the boundary layer, for which the turning angle
4y cannot be determined by the present method. The excellent agreement ob-
served for normal orifices ‘s admittedly somewhat fortuitous, as the ""theory"
does not predict any effect of orifice obliquity, which is obviously not the case
(See Figure 338). Also, Figure 54 indicates that an actual impact perforation
may give fiow rates comparable to inviscid theory, being seversl times larger
than the viscous theory prediction. This ia due to increased flow rate caused
by initial expansion in the outer surface spall area prior to final expansion
through the orifice throut (See Figure 49). This particular conclusion applies
only to an impact perforation of the Configuration 4A type, in which no petalling
of the structure occurred, As seen in Figure 55, Configuration 4B (having
structure petalling) gives a reduced flow rate due to increased flow resistance
caused by the pctalling. This effect approximately canc: ' s the increased fiow
rate due to outer surface spell, resuliing L.i reasonabie agreement of viscous

theoiy with weasured fiuw raivs.

The sensitivity of orifice flow rates to the approach boundary layer
characteristice shows that no simple, accurate method exists for predicting
these flow rateg, even for machined orifices. An approximate theoretical
method has been devised which agrees well with experiment: and which also

'SECRET H-51
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appears to be the best way of estimating fiow rates for impact perforations
having petalling of the structure. This method was just developed in detail

for the case of an adisbatic wall boundary layer, as existed in the AEDC tests.
For the highly cooled wall boundary lavers typical of re-entry conditions, Equa-
tion (26) must be replaced by the complete form of the Crocco distribution:

-1
I ['.rl +(T°'TW)1L .(TO E) U 2] (28)
Pe Te Te / Ue T, Ue.

in which “!\-,/’I‘Q =14+ Z!'-'-!‘- Mez. To allow for real gas effects, ¥ must be an

effective value chosen to match the locai state conditions.

D, Joi Profiles

Total pressure profiles wors measured in the expanding jet entering the
box for sclected configurations, as indicated in Table 3. Surveys were made
at several axial locations L along the jet, at 45 degree increments of the circum-
ferential angie ¢ (See Figure 44). Typical pressura profiles are shown in Figure
86 for ¢ = 90 degrees at several values of L, for a 1 luch dismeter orifice at
My =1.47 and pg/p1 = 0,0088.* Lines of constant Mach number are superposed

on Figure 58, at corresponding values of pressure ratio. A plot uf constant
Mach number contours 18 showa in Figure 57 for the same contiguration and
test conditions. This plot indicates that the jet is already beginning to appruach
an axigymmetric jot at only 0. 75 inches from the exit plane of the orifice. The
profiles show, however, that the axixl velocity decay of the jet is much more
apid than that of an axisymmetric jet. The actual initisl jet geometry as it

is formed behind the shock wave at the downatream surface of the orifice is
probably crescent-shapad, as shown in the following sketch.

w0
¥

JIDEALIZED FLOW
, AREA -';g-!

Be INITIAL JE1 WIDTH

* A compiste set of profiles is tncluded in Reference 15,
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Figure 56, Typical Orifice Jot Pressure Profiles
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Figure 57. Typicsl Orifice Jet Mach Number Contours
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Consequently, the jet decay should follow a two-dimensional jet decay pattern
wore clogely than an axisymmetric jet decay. To test this hypothesis, an approx-

imate initial jet width '"b" was determined by computing the flow area E?-b from
continuity requirements:

Db m
T, “

in which measured values of the ficw rate m were used. The value of ozvz

was computad by isentropic expansion to box pressure p2 from stagnation con-
ditions corresponding o the limiting streamline within the approach flow bound-
a7y layer at y*, as was the initial jet Mach number M_ before diffusion. The
wrkimun Mach numbor My...w within the fet at varioufl axial distances X was
determined from the survey profiles. These values of Mpyax are ploited vs,

X for the My = 3.0 surveys in Figure 58. The jet velocity decay ratio Umax/U,
was computed from the Mach number ratio My, /M, with the assumption that

a constant stagnation temperature existed everywhere in the jet. (True because
tho total temperature of the tunnel flow squalled ambient temperature within

the box.) The resuiting correiation of Up,ax/U_ vs L/b i# shown in Figure 59,
Also shown is a mean correlation line of two-diensional jet decay data of Olsen
(Reference 14) for rectangular slots of 12 to 1 aspect ratio, tested at M =0.66

to »3.0. Olsen's dats show that the rate of velocity decay for two-dimensional
jets is independent of the initial Mach number M, in contrast to the axisymmetrié¢
jet. Tho Sorrelation of Figure 59 appears to be weak for the thicker orifice plate
(t/D = 3), perhaps because of the neglect of shock logses in total pressure which
xre more predominant for thicker orifices. However, the basic jet decay charac-
teristica of jets formed by expansion of supersonic tangential approach flow through
an orifice have been shown to correlate using a two-dimensicnal decay law. The
use of axisymmetric jet diffusion data based on L/D would grossly ovérestimate
the velocity at a given downsiream station.

Further insight into the characteristics of the expanding jets was derived
fram a study of the oil film pictures. Typical photographs of such patterns are
shown in Figures 60 through 83*. In Figure 60, two separate jets appear to inter-
sect each other, causing a n.atual deflection of theii flows towards a common

‘final direction (see skstch).

@\\;ﬂm

S

pe /o, M 0.18

* A complete set of oll film photographs is included in Reference 13.
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‘This pattern occurred whanever the static pressure ratio pa/py across the orifice
was reduced low enough such that the Prandtl-Meyer expansion angle was sufficiently
the flow to enter the box without first compressing against
the crifice. In contrast, Mgure 81 shows that whan pa/p
wmww.muu?m~mormtmmm-m o‘l

Figure 62 shows that for a thicker orifice piste (t/D = 0, 8), the flow was actually
turned back upstream slightly, apparently due to the asymmetric effect of the
longer solid boundary during initinl expansion of the jet after compression againat
the downetresm adge of the orifice. Figure 63 shows that the jet direction {ollcws
the orifice inclivation, for an oblique orifice of 8 = 60 degrees.

Care must be taken in interpreting the oll flow patterns. Whan the tunnel
flow wag stopped after each run, the test pressure suddenly built up to atmospheric
widle the hox preasurs remained low. This sudden large pressure difference
caused flow fnto tha box parallel to the orifice axig, resulting in a “shut-down'
oil flow superposed on the oil flows abtained during the run. Thus, the faint
lines purallel to the axis in Figure 60 should be disregarded,

The dellection of the entering flow through a 90 degree angle for py/py ~1
observed during these tests is in full agreement with the location of the msximum
mtiw:wmmmmmmmmmmummmmuml

Amlyils of the ARDC oritice tests is complate. Future study in this
ared will covsist of & re-examiniition of the ROL orilice flow coeificients, and
an application of the present reauits tc the amalyeis of the previous and present
series of Malin tests, as well as Wallops Fiight Test Two.
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Vi. STRUCTURAL STUDIES
A. Intzoduction

Previous investigations into the types of structural failures associated
with hypervelocity impact damage dealt with the effects of a nose puncture causing
high internal pressures, and a cone puncture, in which uniform heating of the
atructure was assumed.

The prescont investigations-are concerned with the effects of openings
caused by impact or by local melting subsequent to impact, with no substantial
pressure differential present acrosc the wall of the re-entry vehicle. Fa'lure
under these conditions is due to loss of section and/or general instability of the
structure under re-entry loads, The overall objective was to devealop « semi-
ewpirica]l method of predicting the residual sitrength of a cylindrical section sub-
jectect 1o @ rather large, unstificned opening., A minimal test program was ccu-
ducted in support of the analytical efiorts.

B. Fallure Modes

While it is apparent that a particle meeting a re-entry vehicle with high
velocity can produce an opening of various possible geonmetric description, certain
ground riales were established in regard to the type of openings that shouid be con-
sidered in a preliminary evaluation of the structural consequences. The primary
ground rule was that the structurai effect of a random opening could be approximated
by considering rectingular, circular, or elliptical openings, or combinations thereof.
It almo ia very likeiy that any enlargemernt of the initial opening or croation of new
openings due to ther modynamic effects will follow these same classes of geometries.

On this basis, the openl., . selected for investigation were ractangular or
circular, or combinations thereof, with axes running axially and circumferentially.
Generally speaking, in the investigative studies, one dimension of the opening
would be held constant while the other was gradually increased so as to simulate
the structural deterioration associated with the thermodynamic enlargement of the
original puncture.

Openings that are larrely axial in nature, that is, having the length of the
opening several times greater than the width, can be caused by an originzl punc-
ture ¢nlarging in the axial direction due to re-entry heating. The most likely
mode of failure would be through the general instability of the section under com-
pressive re-entry loads. The increased instability etfects would be magnified by
any loss of section related to the circumferential size of the opening,

Openings that are large circumferentially and small sxially are of less
importance due tc the decreassd likelihood of their occurrence, 8uch openings
could be formed by a penetration immediately forward of a heavy ring or bulkhead.
If the heating effecig could not burn through the ring, then :ne ovening wovid en-
large circumferentially alung the outer pexritaeter of the ri.y. Failure iu such a
case could be causcd sither by instability or loss of sectlon dependiug primarily
on the axial length of the opening.

Rectangular aad circular openings which combina to form key-hole shaped
openings are also considered to be lmportant un the basis of results of thermody-
nanic teots (e.g., see Figures 17 and 20 of Section 11). The complexities of avch
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combinations necessitate axperimentai determination of tholr structural conse-
quences, While it is arnticipated that z rather elaborate test program would be
necessary to develop any reliable method of determining the attendant reduction

in structural capacity, the minimzl structural testing subsequently described
provides valusble information on several types of openings in cylindrical specimens.

C. Description of Test Program
Tect Specimens

Test specimens were fabricated from sheet Dupont Mylaxr, Type "A", by wrapping
the matseriai on a collapsible mandrel and joining the edges together in an axial lap
seam of aypproximately 1/8 inch in width, The seam juncture was effected by uaing
» heat curgble Nupont adhesive #4884 and pressure along the seam applied by clamps.
The nuiire assenbly was subjecicd 1o oven cure oi 1/2 hour at a temperatur= of
12801, After cooling, the assembly was unclamped, the mandrel was collapsed,
and the cylinder was removed. Cpenings in the cylinder wall were cut with an
X-Acto inife and suttable templates.

A AT 2 TR PR Y R R Y AN

The eass of fabricating the Mylar cylinders and the exceptional elastic
propertisa of the maisrial makes Mylsr particularly well suited to such testing.
Myiar can withstand s large amount of strain without permanent set, and will re-
cover elastically asveral times from a buckling test, Thus, one cylinder would
be used for a mumber of tests by graduslly enlarging the opening after each indi-
viduel test. The behavior of Mylar test specimens up to the buckling point is rep-
readliacive of that of metal spacimens, inusmuch as Mylar aas very nearly iso-
trapic mechanical properties (according to the mamufacturer), and a linear strass-
strain relationship,

Cartain difficulties were also encountered in the use of sheet Mylar to
fabricate the test spscimens. The fact that a lap seam was required in the fabri-
cation adds an imperfection to the specimen which may alter its buckling charac-
] terietics. I was ocbgerved during the uctual testing that the buckles propagated
freely across the séam, aid so it is concluded that the lap seain had only 2 minor
structural effect.

e

Mylar is available ouly in sheet form u to & maximum nominal thickness
of 15 mils, This limits the range of cylinder rudius to thickness ratios chat can
be accommodated by the test lixture using the presenily avatuable cylinder mount-
ing and manufacturing components, An R/t ratio of 360 was obtained by using for
all tests a material of nominal 10 mila thickness, which was found to be actually
9 mils when checked with micromster calipers. Dimensions of the test specimens
were:

L = 1). 4" Free length betwean mounting rirgs
R = 3, 35" Nominkl radius of cylinder and mountir ringe
t = ,000" wall thickness

Equipment and Technique

The test setup is shown in Figure 64. The ends of the test specimen are
held with edges fixed by an inner steel ring and an cuter segmented stcel ring of
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Figure 84, Cylinder Buckling Test Set-up

proper rudii. The rings, with the Mylar test epecimen sandwiched between them,
are drawn togother by a large diametsr hose clamp. The bottom inner ring is
rigidly bolted to the base plate, while the top inner ring is belted to a length of alu-
minum-alloy chansgl. Load is appliad to the test apecimen through the aluminum
channel by means of two hydraulic cylinders. The load is calibrated by twe
Baldwin-Lima-Hamilton load cells of 50 pounds capacity mounted on the piston
rods of the Aydraulic cylinders and pin-connected to the aluminum channel. Four
dial gages mounted 90° apart and bearing on the upper clamping ring measure the
vertical motion of the upper end of the test specimen., The dead weight of the fix-
ture elements bearing on the Mylar cylinder is counter-balanced using a bag of
lead shot carried on a flexible cabie from the loading bar and over a pulley.

Each load celi output is monitored by a Baldwin SR-4 indicator, The hy-
draulic cylinders are activated by hand pumps, the load being alternately applied
to opposite ends of the louding bar in increments that become increasingly smaller
as the critical load is approached. Axial loading is achiaved by applying equal load
increments in a downw: rd direction to each end of the loading bar, Bending load
results from equal losd increments being applied iz opposite directions at the ends
of the loading bar. Tesling proceeds witil failure was indicated by the sudden
formation of buckles and the inability of the specimoen to carry additional load,
For each loadim: uf a test cylinder, the readings of the fou= dial guges are recorded.

Teant Procedure

The general procedure was to test each uncut specimen for both the critical axial
sand bending louds before subjecting the cylinder to the smallest desired cutout, -
The oponing is enlarged upon the completion of each test until the maximum desired
dunensions are reached.
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The narrow axial openings were 1/8 inch wide circumferentially with
rounded corners. The length of axial openings ranged from 1/2 the cylinder radius
(1. 625") to twice the radius (6. 50""). One specimen was axially tested with dia-
metrically opposite axial openings of 4. 875" in length,

The initial circular opening was cut frum a template 1, 625" in diameter.
This was subsequently enlarged into a key~hole shaped opening by adding a narrow
axial opening of 1 625" in length, waking a total axia! length of opening of 3. 25",
The next circular openiny was than cut 3, 25" in diameter and so on. The final
opening considered was key-hole shaped with the circular portion 4, 875" in diameter
and a narrow opening of 1, 625" in length,

D. Test Results

The per cent of origliai structural capacity is tabulated in Tables 4 and 5
for the individual cylindera for all types of openings. In the case of cylinders
with narrow axial openings, it was necessary to average the results of the three
cylinders tested. The plotted results are shown by the solid-line curves in Figures
65 and 66, The tabulated results from the key-hole shaped openings were not
graphically represented because they did not vary significantly from the cases
with circular openings. Photographs of selected specimens are shown in Figures
87 through 70.

TABLE 4. STRUCTURAL TEST RESULTS FOR NARROW AXIAL OPENINGS

il IV SR E SR I A Cooaciy | Mcatie-) v
) 0 100 ™ 100
s | @ e 210 .4
") 10 | w .4 18 0.0
Y] 4 1 8.1
RO ¥
o | 190 1% 100
08 10 | W 113.0 1% 0.0
PR 1 143 i 120
) .8 100 174.0 100
8 | 10 Y] .0 Y
1.0 | s88 .4 .0 ]
n 1.35 | w8 .1 -
nen | 1o 10,7 11,0 9.1
oo | se e . 1%0.0 "o
o 100,0 100.0
onrs | 38 ¥ 2
 rreoll I .1 -
&, L® et .
3,00 " .0
a « axal of apeniag
R = oylinder
“Two inally opposiie axial cpeaings
TABLE 5. STRUCTURAL TEST RESULTS FOR CIRCULAR AND KEY-HOLE
SHAPED OPENINGS
CYLINDER NUMDER 320
F-Angular % Origizal % Origlaal
Thape of Opening | s P mag) | Pom ) | Axial Cagaoity | Mo %5} | 1oupunt Capuaity
Nome 0 2.0 100 "4 100
Circular u.e 1 .1 138 X
Kay-Bole 30.05 8.0 .8 114 s
Clresiar 9.9 "o e “ n..
Yay-Bole .90 0.5 o1 ) M1
Hg no a8 » 18
Eaz-Nole .o 1.0 4.9 " 1
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E. Analysis

As previously mentioned, & portion of the investigative studies consisted
of devising analytical methods for predicting the residual strength of cylindrical
monocoque soctions subjected to simple, unstiffened rectanguliar openings. This
is considered to be the closest practical analytical approach to the structural
problems associated with hypervelocity particle impact damage to present day
operational re-entry vehicle designa,

The cpenings that have been investigated analytically are considered to be
the structural aquivalent of a small hole punched in a re-entry vehicle and the
attendant structural deterioration for some distance aft or circumferentially due
to serothermal heating effects.

Existirg techoiques were not found that would engble the prediction of the
regidual strength of cylinders with unstiffensd cutouts. The analytical approach
taken was to draw au ansiogy betweaen plate buckling and shell buckling in which
the percent of the origingl buckling strength of a plate subjected to an opening was
considered to be the same as for a cylinder with an equivalent opening. In such an
analysis, it is assumed that the area of the shell immaediately adjacent to the open-
ing will buckle in the same manner as a plate simply supported on three sides and
free on the fourth side (which is tk:: sdge of the opening). The cylinder is con-
sidered to have failed when this "plate” buckling occurs, The per cent of original
buckling capacity of the cylinder corresponds to the ratin of buckling strengths of
a plate simply supported on three sides and the same sixe plate simply supported
on four sides. The same basic method is employed regardiess of whether the
cylinder is subjected to moment or axial load. The 1088 of section attendant to a
circumferential cutout dimension and any relultant eccentricity of axial loading is
taken into uccount in all calculations,

Figure 71 shows the actual structure and the analogous plate structure
considered in this analysis, It will be noted that the total effective width of the
anaiogous plate is the same for buth the original and the weakened conditions,

This is to insure taat the reduction of buckling capacity is caused primarily by

the loss of section and the loss of support at the edge of the cutout rather than

being a function of the diffrrence in effective vidth of the analogous plates, Even

20, it is necessary to provide an estimate of the effoctive plate width as a function
of cylinder radius that can be associated with any cutout having an angular opeaing 8.
This knowledge enables the comparison of the residual strength of the structure

with the size of opening as presentsd in Figures65 and 683.

A short cylindes subjected to axial load tends to behave as a wide plate
column with sinusoidal buckling, Here, the effective width of an analogous plate
structure can be taken as the total circumforence of the cylinder. Longer cylinders
such as those considered in this 2nalysis which buckle in the chevactoristic diamond
pattern will have much smaller offvctive widths, Severs: esmprirical formulas have
been devised that give the buckling streng'a of cylinders ux the sum of the piate
buckilig styength snd that slivugth which is derived irom the curvature ot the
eloments, The une proposed by Kanemitsu and Nojima (Reference 15) is

[+ 1’3 1.6

~RBa0as(4)  +0() (30)
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ORIGINAL COKDITION
ACTUAL STRUCTURE ANALOGOUS $TRUCTURE

DEVELOMD
. ANALOGOUS
PLATE

DEVELOPED
PLATE

b = the effective width of original "snalogous plate' = b’

b's the effective width of each of the weakened analogous plates
a = the langth of "analogous plate"

P = angulsr opening in cylinder
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1, , ,
where tho(rt;) parameter is appropriate for a flat plate. The effective width for .

the cylinders under consideration is taken as that width which will yleld a simply
supported plate buckling stress equal to

ocg = 0 18 E(f )3 (s1)

Since the edgea of the anaiogous plate parallel to the load are restrained
from circumferential movement by the remalnderzo% ‘he shell, the normal plate
buckling coefficients were reduced by a factor of —w = 0. 701 as indicated in
Reference 16, The effective width of the Mylar t@l ugylmderu under axial load is
~alrulated to be 3.7 inches, The central angle aubtended by an arc length of 3, 7"
is ¢5.39, which is a reasonaile value for a cylinder with an L/K ratio of 3. 2. As
the L/t ratio increasns, the effective width decreases to the point where Euler
buckling occurs unaccompanied by Jocal buckling, '

In cylinders subjected to bendirg, it is known that the critical streas in
banding 18 30 to 40 per cent higher than the critical axial stress for the same
cylindor (Roforences 17 and 18). The sffective plate width in bending, by, is then
taken to be the width of simply supported plate associated with an axial bucklinm
streas of

R
Uop * 1.3]0.16E (E) (32)

For a cylinder of 10. 4 inches in length and wall thickness of 0. 009 inches,

is calculated to be 3.1 inches, This method of determining the etfective width

analogous plate is, of course, smpirical and approximate and should be used
ouly within the limitationaset for Equation (30): (0.1 <;§ <1. §; 500 ‘{5 * 3000).
1t will be noted that the test cylinders do not exactly meet these requirements; never-
theleas, the calculated results are sulficiently ciose to the test results so as not to
invalidate the method, ' Of equal importance is the fact that the original condition
buckling stress prodicted 'y Equation (30) is =ithin the range of those encountered
experimentally,

The standard equation (Reference 1)

E 2
UCR-K -1—-—;!-(5) (38)

is used to predict the buckling strengths of the analogous plates, Here, "K", the
compressive buckling coefficient, is a function of the dir ~ne'ons of the pluis and
the conditions of support and edge loading, "E", "t", an. "u" ars, respectively,
the modilius of elasticity, thickness, and Poisson's ratio of the piate materiai.

Dependirg on the condition and loading of the analogous plate under consideration,
"b" ¢can be either by, by, or by, where the subscripts "a" and "b" are applicable
t» cylinders loaded y or in bending,

‘SECRET .

IR TRRCE D

TR re A SO SR



e ®

B (L A 4 B 0 AT T M oo 08 e s G4 1 Nl S AL o N T

SECRET

The graphical representation of the calculated per cent of original structural
capacity is shown by the broken-line curves in Figures 85 and 68 The predicted
results for circular openings were obtained by applying suitable factors for loss of
section and eccentric loading *o the results pradictad for the narrow slit opening
cased,

F. Discussion

1t 1s apparent that the testing of Mylar specimens yields a rather wide range of re-
sults for the same teat performed on different cylinders, ¥or this reason it was
necessary to average the results of the three cylinders tested for narrow axial
openings to achieve & reasonably smooth curve.

Test results {adicute an increased struct:ral capacity for cylinders with
aarraw alit openings when the length of opening 1s one to two times the cylinder
radius. A possible explanation for this phenomena is that the opening itself will
tend to reduce the magnitude of the transverss compressive membrane strosses
superimposed after initial smali-deflection buckling. The compliete absence of such
strossed in an unweakened cylindsr would permit buckling at the higher load pre-
dicted by small --*'action theory rather than those achieved in actual testing. The

. reduction of thuew stresses wmay serve to incrense the buckling capacity of the slit

cylinder over what would bave otherwise prevailed. No attempt has been made to
accourit for such an effect in the development of the semi-smpirical method of pre-
dicting the residuyl strecgth of weakened cylinder.

C. Conclusions and Recommenghﬁ_lom

The buckling fallure of cylinders with unatitfensd openinga is of such a complex
nature that an empirical or semi-empirical metiod seoms to be the only logical
amlytical approach. The abjective of this investigution was to develop a semi-
enpirical analysis for vue cisss of cylinders t= 360) under limited types of
lowdings. The curves generated are not intended for specific design purposes, but
rather to indicaie tha general trend of decreasing buckling capacity as a function
of increasicg size of apening,

It is difficult to estimate the scope of the test program that would be required
to fully supgort the desired stubility studies, but certain investigations of the type
already performed are logically indicated. Of primary interast would be the similar
testing of Mylar specimens within the raunges of R/t from 200 to 1000 and L/R of from
0.5 to 6. Other recommended follow-on investigations concern weakenad cylinders
subjected to shear, torsicual, and pressure loads. Mora refined studies would be
required to determine the interaction of several types of loadings.

VI. ICBM FLIGHT EXPERIMENT (WAC FPROGRAM)
In 2 previous progress report (Reference 1), & dos ription was given of an

ICBM piggytack flight experiment which wx 3 belag conduc: . 1 on the WAC flight
program. Two compartments were {nstaliod on board a sharp-nosed slander cous

‘whick wag to fly an KCBM trajectory. Orifices in each compartment were to have

apenied at 163, 000 fb altitude. Pressure and temperature histories of the cormpart-
ments were to be telametersd during re-entry.
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Unfortumately, the desired re-cniry conditions were not achieved, dus to
booster maliuaction. As & result, the axternal pressure and tenaperature rises

ware insufficient to canse the compartment orifices to open and no intermal data
were obtainad.

APPENDIX A. INTERNAL HEATING TO A CLOSED COMPARTMENT LUE TO
A SINGLE PERFCRATION ("COUPLED FLOW HEATING")

'.nmm,umxymnmmanmmunwm"cmd
flow heating” mechanism bty which & cootinual energy influx tukes place to & closed
compartment due to & slngle perioration. The model employs baric enerygy and
mass balance relations, plus the equation of state ior the gas, ir . fashlon similar
tn the anniysis previously developed for vented compartments. The bazic model
contept was formulated s & «ocult of lusight fuic the phy=ical phonomena gained
darlng discusaion of the Malta rocket exhmust test resulis with Dr. C. du¥. Donklidson,
to whow the writer ix indebted.

Ferare A-1 depicts a ro~eptry vehicle compartment which has undergone a
singls perioration. The compartment is sasumed to be pressure tight, such that
no venting exists to lowor pressure regions.

Vigure A-1. Periorated Conpartment Analysis JModel
In Figure A-1, the following moiation applies:

= free volume of compartment
= Gi/d8 © rate ol exergy sddition through the perforation

g er-av 339&34
1
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The besic conservation equations for \he compartment are as follows:

Energy: K, = Vp % + Qg + mh (A-1)
Mass: o-vgg- +m ' (A-2)
State: p=PRT (A-3)

The existence of & net mass tlow outward trom the compartment is required by
mass conservatios, Equation (A-2), to compensate for the rapid initial decrease
tn oax density with time, Analysis of the Malta rocket exhaust internal preasure
Ristorios (Figure 38) indicates that & very rapid initial increase iu internal iem:-
peralure occurs, due to the low heat capacity of the mass of gas withiin the ¢ .m-
partment, The pressure builds up until it is suificient to cssso a mass flow rate
from the compartmont which balances the rate of mauss decrease within the com-
partment. At this point, z quasi-steady condition is achieved within the compart-
ment, such that all internal state properties such ss p, o, and T are alwost
comatant (do/d9 ~ O, etc). When this point is resched, Equations (A-1) and
(A-2) yield the following approximate relations:

mw~O . (A~4)
Qw o Em (A~-5)

Thut 14, the exit snass flow rate is small, and effectively all of the energy which
enters the compuriment is sbesorbed by the walis,

In the case of the Malty tests, the quasi-steady aperoximation is achieved
within the first 0. § second of the run (See Figure 36). Therealter, the rate of
internsl pressure decrenge is less than 3 psi/ssc. Assuming a value of T ~ 3000 R,
Kquations (A-3) and (A-~3) comibine to yisld:

me-phe B = 2.3 x 10”4 1n/sec

 ? Since h corres to $000 R is about 3000 btu/ib for the Malta rocket cxhaust
mixture, it { s that: )
mh~ 0,5 btu/sec

This rate of energy loss through mass outilow is less than one percent of tha values
?c A moasured for the Malta teasts, in support of the approximation of Equation
A- .

The phanomanon of intarnal atatin nreasure buldup aboves the external
static pressure level is not unijue to the current problem. Studiss of cavity flow
tuve frequently reported this condition; e.g., McDearmon (Keference 20) meas-
ured static pressures on the floors of rectaagulnr cavities vhich were up to 18
percent higher than thw external static presrure,
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Having discussed tho overall characteristics of the internal heating
phenomencn, attention is now turned to the quantitative prediction of the rate of
energy addition, Eyn, which is approximately equal to the rate of energy absorp-
tion by the walls, AW' for quasi-steady conditions., For this purpose, the energy
exchange mechanism is assumed to be that of turbulent shear layer mixing, as
proposed by Donaldson in Reference 5. The analysis of Chow and Korst (Refer-
ence 7) will be utilized, as it includes compressibility effects. ‘The model for
the andlysis is shown in Figure A-2. A uniform velocity field is assumed to
separate from 2 surface at X = 0, und mix with the ambient environment below it.

T,
s,
Vg -

Te

N

Figare A-3. Jet Mixing Region
In Figure A-2, the foliowing notation applice:
L » yalocity at ovter edge of mixing region

'1‘a = gagnation tempsrature at outer adge of mixing region

¢
'rb « giatic temperaiure in base region (eguivalent to intornal air
temperature for perforated compartment).

In he footnots 0 Equation (13) of Reference 7, Chow and Xorst show that the
ztawam&cﬁmmmmummrmmuuwnby
relation:

1-C
&-( ,,:)l,(n!)

(A~6)
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(A7)

G = energy trangport rate per unit width and per unit length along the jet

mixing region

Cp = ghs specific heat at cunstant pressure, at edge of mixing region

e .
Py ™Ea8 denglty at edge of mixing region

Ce = Crocco number at edge of mixing region;
U
e
Ce =

L]
! 03
I, (n,) = —y—7 d
V) Wj) -! A.Ce 5 n

[+
n =i
"j = value of n for dividing streawmling

¢ m ﬁg = dimeuslonless velocity
e
Ty
A= ’l"; = dimensionless stagnation temperature
(]

o = gimilarity paran.ater for co-ordinato syatem

The value of A is determined by the Crocco distribution:

Amoy (1 T")¢
-T—+ ur
80 80

The value of ¢ ie determined by the relation:
¢-é(l+ort 7)
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The co-ordinates x and y are co-ordinates in an intrinsic co-ordinate system which
l‘: dh)gyacod from the physical co-ordinate system by a dimensionless shift "
ven by:

TR 2 .
memtg-@-ch ¢ ;——C‘f-,? an (A-15)
e “ %

where 7, ie & large value of 7 such that ¢ ~ 1. (ng = 1,72 gives ¢ = 0,695 from
Eqmuo}(u)). ‘The direction of co~ordinate shift VM is shown in Figure A-2.

The dividing streamline (called "jot boundrry streamline” in Referance 7)
which maparates the /fluld of the external stream from the fluid entrained within
the waky region is identified by y which satisfiea:

"R
)=l tng)-Ty(ng)=  § ;ﬂé—}% dn (A-16)
-t - (]
in which
K '
)= g dn A-17
A o7 (A-17)

A study of the relations presented above will abow that the value of I,(n,) in
Equation (A-6) iz & function only of C, Tb/Tse' The procedure for evaluating
I (nj) for given values of C, and 'IVTS is as follows:

")

*  Determine n from Equations (A-16) snd (A-17), with n, ~ 1.82
e Determine Ly(n j) from Equation (A-9)
If velocity and temperature profiles i the physical plans are required, or if the
locantion of the dividing streamline is required, the dimensionless co~ordinate
abift 1y Wust be evaluated from Equation (A-18),

The expression for Stanton number (Equation A-6) can be converted to a
somewhat different form by use of the equation of state:

p= p. =y R TO (A-18)
and the definition ol Cq' (Equation A-8)

2
U “/gic T, =V
e I"e S°

c M %o (A-19)
[ Y .—-T - .T— -19
‘ 80 se 80
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Substituting Equations (A-18) and (A-19) into Equations (A-6) and (A-7) yields:

;- c
. P pu T

() e b ) : -
z; G=v 5 (‘fg@) Ip (ny) (A-20)
; The rate of energy additionacross a perforation of cross-section area A is simply:
;’1 E =0A (A-21)

Substituting Equation (A-20) into Equation (A-21) and using the identity CP /R=
/7 -1 yields the final expression for E, :

3 FRVGES TR

T\ 1
by~ sy pUeA(l-fs—t-’-) lgi)— (A-22)
[}

This compietes the derivation of Equation (2) of Section I.

Chow and Korst do not indicate how to determine o, the mixing similarity

. parametsr. In 8 preceding Progress Report (Reference 1, Appendix C) experi-
mentally determined values of 0 were correlated as a function of Mach numaber

E for data up to Mach 3.0. In a recent articie by Channapragada (Reference 21), it
\ was shown that the Crocco number C = C, is & preferable choice for correlating
3 vaiues of 0, for use when real gas effects are significant. Reference 18 also
develops a theoretical relation for the ratio of o to its incompressible vaiue o %;
which for Mach mumbers greater than, 3.0 becomes:

. o
. :51 " 8"0 (A-23)
2
1 +T’- (1 -C )
E b ’ TS
] Curves of o are given in Figure A-3, as & function of (l-cz) and -T—° . The value
: b
; dl-czcmbcdntemmod from a knowledge of the local edge Mach number Heby
1 the relstion:
-1
1-c- [1 s u.?] | (A-24)

where v must be an effective lseniropic exponent, including real gas effects,

The analysis presented above does not include the c'fects of a boundary layer
proffle upstream of the mixing region. in e actual case . interest, a turbulent
velocity peotils would oxist upstream of the perforatica. The affect of an laitial
turbulent boundary layer on the development of the shear layer has been treated by
Nash (Reference 33) for the incompressible case. The following values were
obtained for the dividing stresmline velucity ratio (U/ Ue)m:
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& Figure A-3 Jet Mixing' Parameter o
i
3 X/8 5 10 20 30 50 100 300
(U/u“,)le 0.20 0.31 90.30 0.44 0.48 0.520 0.57
where X = length of separated region

and 6 = momsntum thickness of upstream boundary layer.

It can be seen that (U/UG)DB is asymptotically approaching the inviscid mixing

value of 0. 58 derived by Toilmien and x/0 increases. In most cases, the perfora-
tion diameters required for thermal kill will be sufficiently lerge such thet X/0

is on the order of 100 or greater., I would appear that viscous approach flow effects
an Equation (A-22) would be negligible. For the AEDC tests discusged in Ssction I,
x/0 varied from 135 to §70. ¥or the Malta tests discussed in Section IT, X/0

varied from 280 to 445, Thus, little etffect of initial boundary layers should have
been present in these results.
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SUMMLRY

) Management and c¢oordination efforts undertaken by ARAP
in gasslating NRL in the monitoring of the Aerothermal Phase
are reviewed, including a brief discussion of recent results
and their implications for future program requirements.
Theoretical and experimental basic research carried out by
ARAP during the subject period is described and the results

arc dlacusaed.
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INTROCUCTION

Research programs conducted at ARAP during the past
half~-year have included theoretical and experimental studies
of basic flow phenomena associated with aerothermal kill
mechanisms, As a result of these and other studles by other
particlpants in the Aerothermal Phase, particular emphasis
has been placed on solving coupled flow problems, including
conglderation of vehicles hurdened by means of foam filled
interiors. 1In addition, ARAP has continued 1ts efforts in
agsisting NRL in the management and coordination of the
over-all Aerothermal Phase program.

MANAGEMENT AND COORDINATION

The effort to provide assistance to NRL in the manage-
ment and coordination of the Aerothermal Phase has been
malintalned during the past six months. In addition to the
usual liailson duties, this effort has included several meet-
ings among personnel of the participating companies and
agencles, at which tlme current problems and the results of
test and analytical programs were discussed and evaluated,

An 1mportant consequence of the test results during this
period has been the inereased effort directed toward under-
stunding the mechanlam of coupled flows. It has been shown
both experimentally and analytically that the heat flux 7?
the vehicle interior under such coupled conditions (A/Ve

> .05) can ?ﬁ many times as great as that [or uncoupled condi-
tions (A/Ve/3 ¢ .01). A flow mechanism which can be shown to
account for heat fluxes of the magnitudes observed has been
developed and verified experimentally by neans of heat flux
mapping and flow visualization techniques. Detalls of this
mechanism, which involves a comblnaticn of free shear layer
and Jjet lmpingement effects, are discussed in a later section
of thlsg report. Plans f'or tests to be carried out by other
groups under the Aerothermal Phase (GE and NASA) have been
directed- at’ providing data specifically pertinent to this

.,ffpnoblem.““in addition, because of the important role of Jet

For”

lmpingement 1n the coupled flow process as 1t is now defined,
a program of hot Jet (air arc jet) impingement experiment.s
has been initlated (AVCO). Data resulting from these pro- .
grams should p:wvide the basis for an extensicn to high
temperature regimes of semi-empirlcal methods wnich are being
developed for predicting Jet impingement, walli jet, and free
shear layer heat iransfer characteristics.

Cf equal lmportance to the over-all program is the prob-

\'mlem of possible counter-aerothermal measures in the form of

T gy SO

light weight foam packing in a vehlcle's interior. During
the past slx months, plans for a thorough study of the

UNCLASSIFIED 13
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behavior of such packing under zerothermal conditions have
been formulated, and some prellamlinary tests under simulated
envirorment conditions have been conducted (GE). In addition
to the continued monitoring of such studies by other particl-
pants, ARAP plans to conduct basic theoretical and experi-
mental studies of foam behavior during the future wonths.

JET IMPINGEMENT, WALL JET, AND FREE SHEAR LAYER 3TUDIES

Theoretical. At the beginning of the period, a study attempt-

‘ITng to relate compressible Jet flows to incompressible ones

was under way. The approach used a general transformation
similar %o that of Coles but reduced it to a praciical form
by the use of assumpiions more closely related to the physics
of the problem than were the iimiting value arguments of
Coles., Although 1t proved impossible to remove a degree of
arbitrariness from the transformation, the study provided
increased understanding of phenomenz peculiar to both laminar
and turbulent compressible flows, particularly Jets.

The coupled flow condition is now understood to involve
energy transfer to the cavity by means of both shear layer
mixing and jJet impingement. Briefly, this mechanism can be
descrided ac follows, A8 the free stream flow leaves the
forward edge of the hole, mixing with the stagnant lnner gas
starts. The mixing region grows in thickness as the flow
approaches the atft edge of the hole, and, 1f that portion of
the mixing region (free shear 1ayer5 velocity profile which
impinges on the aft edge 18 supersonic, a normal shock is
formed which stands off from the aft edge. In this case,
the pressure behind the shock 18 so high relative to the
cavity pressure, that a jet 1s formed which carries air of
very high stagnation enthalpy into the interlor. (The
strength and directior of such a Jet are, of course, de .2nd-
ent o? the relationsh.ip of hole #ize and aft edge wall thick-
ness,

An analytical study of the characteilctics of free shear
flows 1is being conducted in order to gain some insight into
the mechanism of eneryy transfer across the mixing reglon.

-'The projected purpose of such an analysic 1s to provide an

analytical method for the prediction of the heat flux coatri-
bution of this psrt of the coupled flow wechanism. Since

the total neat rlux into the cavity is a combi~ation of The
energy t~ansefer across the mixing region and t..at due to the
Jet formed behind the normal shock standing off 4he downstream

. edge,. an estimate of the energy tranaferred by this Jet re-

quires a knowledge of where the dividing streamline implinges
on the downstream edge., Th: initial) analysis, then, has been
conce.ned with the location of the dividing streamline as a
function of external flow conditions and pressure ratio. A
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linear velocity profile across the mixing reglon was used in
the flrst case for incompressible flow. The validity of this
agsumption was substantiated by the agreement obtalned when !
compared with results for more exact profiles. The analysis
was extended for the compressible case using the same assump-
tlon for velocity profile. The behavior of the dividing
Streamline with free stream Mach number was determined for
three enthalpy ratios across the mixing regions. These cases
covered both extremes of hot and cold air in the cavity and
an intermediate case. The analytical expression for location
of the dividing streamline will be utilized in the evaluation
of experimental results a8 they become available.

Tha apowth of the mixing region as a function of Mach
numder snd enthalpy ratio hes also been under study. This
paramet.er is necessary for the estimation of that portion of
the mixing region which 18 supersonlc at the downstream edge.
To date, the analysls has resulted in the development of an
analytical method for estimating this growth.

Experimental. Results of an extensive study of free Jets
ImpIngIng normal to surfaces of several shapes have been
discussed in previous status reports., In addition to such
results relating to stagnation region heat transfer parame-
terz, an unusual flow condition with several interesting
features has been observed. It appears that this condition
can only exist for cases in which the impinging Jet 15 suffi-
. clently underexpanded to require the presence of a normal
shock disk in the Jet core. When such a Jet lmpinges at dis-
tances downstream of this shock, the flow near the Jet axis
separates, and a vortex-ring-like bubble forms on the surface.
! The stagnatlon point for maximug heat transfer now becomes a
stagnation "ring" surrounding this bubble and the behavior of
the ridial flow near the surface becomes gulte complex, A
composite 1llustration of a typlcal cxample of this phenom-
enon 18 shown in Figure 1. The relalionshlp between surface
pressgure distribution, surface streamline patterns (grease
agtreak picture), and impinging flow density gradients
(schlieren spark photograph) is quite evident. Further study
of such flows willl be required, however, before they are
fully understood,

. During the recent semiannual pericd, the normal iupinge-
ment work was ~xitended to include pressure distribution meas-

! urements on these same surfaces for oblique i »ingement

angles, as well as the measurement of the azlmuthal distribu-

‘tion of radial momentum in the wall Jjet as 1t leaves the

edge of a flat plate as a function of impingement angle. Steag-

nation region heat transfer parameters deduced from some of

the nressure distributions indlcate that although the stagna-

tion point moves slightly in an upstream direction as the im-

pingement angle 1is decreased from 90° to about 60°, the heat
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transfer ralls off only sligi:ly. Further conclusions for
smaller impingement angles will be possible after the remain-
ing data are analyzed, The azimuthal momentum distribution
measurements which are now in progress are intended to show
‘the -warmer in which the momentum of an impinging Jet is
distributed in the resulting wall jet. On the basis.of such

-distributions, the peak heating areas on the inside walls of

a cavity should be predictable. An example of the behavior

in a typical case 18 shown in Figure 2. This plot shows the
radlal momentum flux per unit azimuth angle (¢) as a function
of ¢ for one-half of the flat plate circumference for sever-
al lmpingement angles a.

A study of subsonic free shear layer phenomena was inlsi-
ated aucring the subject period in order to aild in the develop-
ment of a method for predicing energy fluxes under conditions
of coupled flow as 1t is now understood. This work is to be
continued for both subscnic and supersonic cases, and will b

closely coordinated with the theoretical investigation des~-
cribed earlier.
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DAMAGE EFFECT GU RE-ENTRY BODY
STATIC STABILITY AT K = 10

Prepared :
Jo D. Gates
‘o Po Leonas

ADRSTRACT: This rveport yresents the results of an iavestigr-
tion in the U.8, Naval Ordasnce Laboratory's Eypersomic Tunnsl
Bo, ¢ to obtain the pitching, yaving, and rolliing momeats and
aormal andé side forces of the G.B, Kork 3 IXI.X pe-satry body
-n:. ml-:um domage, Thess data wore obtaimed at Hach
AMngey .
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DAMAGR L¥¥ECT ON RE-ENTRY BODY
STATIC STABILITY AT M = 10

The purpose of this investigation was to obtain static sta-
bility data on the G.E. Nark 3 XXI.H re-ontry body with simu-
lated damage to the noss and flared skirt in order to find the
effect w! the dammage upon ics asrodynsmic performance and aug-
nont General Rlectric's anclytical study, The wind tunnel

- tost was perforwed in the U,8, Naval Ordnasce Laboratory's

Hypsreonic Tunuel ¥o. 4 at the request of the General Electric
Coup (reference (1)) feor Project Defender (ARPA Order Xo,
149-60) under Task Number NOL 569,

This research was supported by the Advaiced Research Projects
Agency, Ballietic Misczile Defense Systems Branch, and was moni-
tored by the U.3, Navil Research Leboratory (Code 6240) under
Contrant No, 173-6163-61.

This report may include techmnical data or other informstion
which may be proprietary to parties other than the Govermment,
The transaission by the Department of the Mavy of this docu-
ment is not to be regurded by implication or otherwise as
licensing techuical data or information disclosed herein for
commoircial purposes as distinguiahed from goverameamtal pur-
poses, ar counveying any right or permission to the recipient
:r any :ﬂnr parson or corporation gaining access to this
ocument , A

R, E, ODENING
Captain, USK
Commander

K. R, BNKENHUS
By dircet. =
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INTRDUCTION

The Hypervelocity Kill Mechanism Research Program for
Project Defender (ARPA Order No, 149-60) was established to
deteruine the serodynamic performance of a damaged re-satry
body in comparison to the performance oi an undamaged body
(see reference (1)), Such performance data may indicate
whether it is possible to reduce the capabilities of, or
deatroy, a re-entry vehicle by (i) causing a change in point
ol impact, (3) structural failure due to increased asrodynamic
loads at induced trim angles, or (3) overheating due to a
shift in the stagsation point at induced trim gngles,

The G.E. Mark 3 contiguration IXI-H was chosen for this
inveatigation because it is a typical re-entry body., Damage
was simzlated o the re-entry body by modifications made to
the nose and flaxre sections which caused configurational asyn-
metry, Static stability coefficients of piteh, yaw, and roll
veore obtained from wind tunnel testis performed at a lach num-
ber of 10 on 0,04783 scale models, These data will be used
to supplsment the analytical program being conducted by the
General Electric Company to determine the vulmerability of
ICBM's to impact by relatively small hypervelocity particzles,

SYMBOLS
A reference area (vd®/4)
CeBe center of gravity measurod from the nose (2,563 in)
along the centerline of the model
cu pofaal foirce cosfficient (ru/qA)
Cy side force coefficient (FY/qA)
CL; rolling moment coefficieat (lx/qu)
c‘ pitching moment coefficient (IY/qu)

yawing momwent coefficient (M;/qAd)

reference diameter based on the maximum flare
diameter at the base of the model (3,047 ia)

P' normal force
r, side force
My rolling moment
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&
g Ky pitching moment
w
lz yawing momsnt
: Q dynanic pressure
£ Re/tt Reynolds number per foot bazed on free-stream
i conditions
? a angle of attack
E <! angle of sideslip in body axes
e 6 apgle of pitch in the vertical center plane of the
§ tunicel
Y ") angle of roll (4 = 0° when modificction is on wind-
% ward side of the model at positive angle of attack)
i
b MODELS, TEST TECHNIQUES AND DATA REDUCTION
3 The models (0,04783 scale) of the G.E, Mark 3 XXI-H
E re-entry vehicle were designed and constructed by the Haval
- Ordmance Laboratory from drawings furnished 3y ths Genersl
§ Zlectric Company (ses Figu-es 1-18 for drawings of the models
3 and model photographs). Elever modifications to nose and flare
£ sectioas of the contfigurations were made and are designated as
; m-ﬂ-l, 3, 3‘ 4' 5' 7. 8’ 9' 10’ 13 “d 1‘;
£ Photograyhs of the MOL Hypersoric Tumnel No, 4 are shown
E {.g‘ruun 19, The tunnel is described in detail iz reference
rye
§ .
3 Thae dats were ocbtained using a five-componsnt, water-
E cooled,; internal strain gage balance (referxrence (3f). A therao-
X couple war mounted on the Lalance, insids the model, just for-
§ ward of the forward pitch gage to smonitox ths balance tempera-

ture. The test was performed withk less than i2°C variance from
a constant balance temperature which oliminated gage drift dur-
ing testing. Ymmidiately sfter each tunnel run, the wind-off
tare readings wers taken on all balance componsnts,

A multiplexed singls-channel, high-speed data systemn wux
used to record the force and moment data, This system ampli-
2.ad and digitized the strain gage analog signals und recorded
them on punchked paper tape which fé& into a ['lexo.iter typs-
writer,

An JBM 7C4& ccmpuier wal Jised to reduce the wind tunmel
data to aerodynamic coefficient form. The reforsace diameter
and aroa used in computing the ccefficients are based on the
maximum flzxe diameter (2,047 in,) of the model, Corrections
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were made to the data for elastic deflection of the sting dve
to aerodynamic loading., The aerodynamic cootticionts were
referenced to the model axes system.

RESULTS

Table 1 gives the configuration and test conditions for
each wind tunnel run, Cx (pormal force coetfficient), c

(pitching moment coefficient), Cy (side force cooftieiont).
C, (yawing moment coefficient), and C, (rolling moment coeffi-

cie:f} 1T lis*ad in Tahie 3 as tunction- of a (angle of
attack) and 8’ (sidesiip augle im the body axis),

Pigures 20 to 23 show the effect on static stability in
the pitch plans ¢f nose and flare modificstions to one half of
the model, Pigures 20 and 22 show the effect of graduated
modification at ¢ = 0°, and Figures 21 and 23 show the effect
of maximum nodification at three roll angles (9 = 0°, 45° and
90°). As might be expected, neither type of noditication shovws
such effect wken the modifieé¢ area is in the lee of the wind,
With modification on the windward side of the model, there is
a losz of stability, and in the case of bothk maximum sose and
tisre modifications, a change in trim angle, The effect of

roll sngle is to diminish the effoct of the modification ac ¢
approaches 90°,

As an example of the effectivensss of one kind of dasage,
consider the na configuration shown on Figure 332, The model

trime at a = 8*, The modification to the flare raises the
drag coefficient by Cnlina and gives what had been a symmetri-

cal configuration a normal force coefficient of 0,125 in
trimmed flight.

SECRET



K3 T LA € T ST T

e s

o

e g T

k. IR TAGEES g VIR > D GMED e g s e -

e T L R £

[y

(1)
(2)

(3)

SECRET
NOLTR 61-84

Bonasia, J., J., ¥ind Tunnel Requost 685, General Electric
Coupany (1961) Confidential

Dauberg, J. E., Jackson, A, P,, and Brown, P, ¥,, "NOL
Hypersonic Tunmwl Ko. 4," NOLTR 62-47, to be published,
Cuclassified

Shants, I,, Gilbert, B, D., and White, C, X,, "NOL Wind
Tunuel Internal Strain-uage Balance Systex," NAVORD

Rpt 2972 (1983) Unciassified '
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; - TABLE 1
f ) MODEL CONFIGURATIONS AND TEST CONDITIONS
| Nach . -8
Run Coafiguration 6 g Number q  (Re)x10
? 1 IXI-H-1 12 ¢to +¢19 © 10,13 1,13 0.035
3 - 2 " e +45 (] "

! 3 “ - +80 . "

;Iiu 4 XXI-B . 0 " " "
5 ¥XI-H-32 . " " " "
% e ] « “5 . ] " 11
@ 9 L] " +90 " ) "
i 8 X1 -H-3 ) " U] " "
g 9 " " +43 ] " »
E . lo L ] " o [, ] ] ”
: 11 XXX -H-4 " " " " "
& ) 12 L " +48 " L "

. % . 13 " L ] +9° (4] " ”
14 XX1-H-8 “ " " . "
? . 18 ] " +48 " » "

T 16 (] [ 0 " " "
§ 1" “ | J -‘5 ” " ]
' 18 XX1-H-14 " 0 " " "
E- 19 ] “ “5 [, ” "
!Y 20 " " '._90 L] [}  J
E 31 XX1-H-13 " . " " "
: 22 " " s " “ "
! 23 [ [, ] o ” L _J ”

| E 24 XX3-B-8 " -90 " "
i 25 XX1-H-7 " " " "
S - 26 n " -45 n "
g‘ 27 " " 0 " " "

. 28 XX1-H-8 “ " " "

i 29 " " +45 " "
ﬁ ;
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TABLE 1 (Continusd)
NODEL COHFIGURATIONS AMD TEST COMDITIONS
. . P
Run -Configuration 6 ¢ Nuabey q __ (Re)x10
30 XXi-8-8 -13 to +19 +90 10,18 1.13 0,028
31 XXX wlH~9 » " " " " ,
32 L] [} “5 ] ”" [ ]
33 [ ] ” o “w " "
34 i KE-H-10 . " " . "
35 [} " “5 " L J [ ]
86 [ ] [ ] +” [ ] “ ”
" =45 " . "

37 XXl -H-4
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TABLE 2
TABULATED DATA

TS PTG T T R e Tee e

[wor2:

1. The synbols used in the column headings are defivnd on
pages 1 and 3,

g 2. BRucs ire tabulated ia sequerce by ruu nu-bers,

3. Ceoluma headings and decimal poiats are shown on rxun 1
- of the tabulated data asd are ths same for all rums,.)
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FIG. 12 XXL-H-5 MODEL
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FIG. 18 XXL-H-14 MODEL
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14.

ARPA 149 TECHNICAL REPORTS
Raytheon Company, "Soviet ICBM Re-Entry Body Study,"

BR-1065, 21 Nuvewber 1960 (8-RD)

Progress Report No. 1, "Hypervelocity Kill Mechanisms
Program," NRL Memorandum Report 1136, January 1961 (S-RD)

AVCO Corporation, "Feasibility Study of a Flight Test
Aggravation Program, Hypervelocity Kill Mechanism Program-
Aerothermal Phase," TAD-TR-29-61-4. 13 February 1961 (S)

Progress Report No. 2, "Hypervelocity Kill Mechanisms
Program," NRL Memorandum Report 1161, April 1961 (S-RD)

“rogress Repov: xu. 3, "Hypervelocity Kill Mechanisns
Program," NRI, Memorandum Report 1209, July 1961 (S-RD)

Sunmary Report, "Fifth Hypervelocity Kill Mechanisms
Progress Meeting," of 29-30 June 1961, NRL Memorandum
Report 1220, August 1961 (S-RD)

Progress Report No. 4, "Hypervelocity Kill Mechanisms
Program,'" NRL Memorandum Report 1240, Quarterly Progress
for Period Ending 20 September 1961 (S-RD)

YForce Tests on Modified General Electric Mark III Nose
Cone Models at Mach Number 18," AEDC-TN-61-151, von
Karman Gas Dynamics Facility, ARO, Inc., November 1961 (S)

Progress Report No. 5, "Hypervelocity Xill Mechanisms

Program," NRL Memorandum Report 1261, Volume I and Volume II,

Annual Technical Progress Report December 1961 (S-RD)

Progress Report No. 6, "Hypervelocity Kill Mechanisms
Program,'" NRL Memorandum Report 1269, Quarterly Progress
for the Period E.ding 20 December 1961 (S-RD)

NRL Memorandum Report 1314, "Investigation of ICEM
Vulnerability tc ARPAT Dart," 30 April 1961 (S-RD)

General Electric Company, '""Hypervelocity Kill Mechanisms
Feasibility Study-Internal Heating,'" Document No. 62SD560
28 May 1962 (S)

Progress DReport Ne. 7 "Hypervelocity Kill Mechanisms
Program,” NRL Report 5813, Semiannual Technical Progress
Report for period ending 20 March 1962 - “ne 1962 (S-RD)

Progress Report No. 8, "Hypervelocity Kill Mechanisms

Program," NRL Report 5840, ?uarterly Progress Report for

Period ending 20 June 1962 (5-RD) .
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21,

23.

24'

25.

26.

27.

Progress Rzport No. 9, "Hypervelccity Kill Mechanisms
Program,'" NKL Report 5913, Annuval Technical Progress
Report for period ending 30 Sazptember 1962 (S-RD) Vols. I
and I1

Progress Report No. 10, "Hypervelocity Kill Mechanisms
Program," NRL Report 5931, Quarterly Progress Report for
period ending 20 December 1962 (S-RD)

General Electric Company,"Results of Rocket Exhaust HKM
Internal Heating Tests, Document No. 638D564 of
20 May 1963 (S)

Progress Report No. 11, "Hypervelocity Kill Mechanisms
Progran'! NRL Report 5990, Semiannual Technical Progress
Repnut for Perwlod Ending 20 March 1967, (S-RD)

Progress Report No. 12, "Hypervelocity Kill Mechanisms

Pragvam ' NBI Quavterly Prcgrczs Report 6011, August 1963(S)

NRL Report No. 6032 "Hypervelocity Impact Damage to Spaced
Structures by Massive Projectiles,” October 1963 (S)

General Electric Company, '"Results of Wallops Island HKM
Internal Heating Flight Tests," Document No. 63SD385,
4 November 1963 (S)

Picatinny Arsenal T.R. No. 3118, "Vulnerability of Nuclear
Warheads to Aerothermal Effects,'" December 1963 (S-RD)

Prcgress Report No. 13 "Hypervelocity Kill Mechanisms
Program| NRL Report 6077, February 1964 (S)

"Propulsion System Damage 3tudy', Volume I, Summary,
Conclusions, and Recommendations; ASD-TDR-64-2,
January 1964 (S)

"Propulsion System Damage Study', Volume II, Vulnerability
Analyses; ASD-TDR-64-2, January 1964 (S)

"Propulsion System Damage Study'", Volume III, Impact-Damage
Studies; ASD-TDR-64-2, January 1964 (S)

"A Damage Effects Investigation on a 10-Degree Half-Angle

Cone at Mach 10" TDR No. AEDC-TDR-A4-R0, von Karman Gas
Dynamicis Facility, ARC Inc. May 1964 (SS
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